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COLLOIDAL 

NANOCRYSTALS and NMR 
In this chapter, nanocrystals are introduced and 

their very wide range of applications are given. NMR 

is compared to different characterization techniques 

used in nanoscience. Finally, the outline of this 

thesis is given.  
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1.1  Nanocrystals 

First of all, let us think about the nano-dimension. The prefix ‘nano’ is 

derived from the greek word for dwarf. One nanometre is equal to 10-9 m. In 

order to give you an idea, a human hair is about 80.000 nm wide. Figure 1.2 

depicts a length scale to illustrate this nanometre size.1 Nanocrystals are on 

the nanoscale in all three dimensions.  

But why are materials on the nanoscale so interesting? There are two 

main reasons for this.1-3 First, the increased relative surface area means that 

more of their atoms are found at the surface compared to bulk materials. 

This changes their properties, including reactivity, with respect to bulk 

materials. Second, quantum effects start to govern the behavior and 

properties of the particles. As a result, the properties of the nanocrystal 

become dependent on the size of the particle. These properties can be for 

example fluorescence, opto-electronic properties, magnetic permeability or 

chemical reactivity. 

Quantumdots 

If a nanocrystal is constructed from a semiconductor material and the 

bound state of an electron and an electron hole or exciton are confined in all 

three dimensions, it is referred to as a quantumdot (QD).4 Interestingly, the 

confinement of size to the nm level introduces quantization, most notably in 

the distribution of energy states available to the electrons as compared to a 

bulk material. This quantum confinement principle is illustrated in figure 

1.1.5-7 Considering a bulk material, their macroscopic size leads to a 

conductance and valence band characterized by a continuum of energy 

levels accessible for the electrons. When the size of the material is confined 

to nm size in three dimensions, the band structure is reduced to a set of 

discrete energy levels, similar to that of the quantized atom. Quantumdots, 
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therefore are sometimes described as superatoms.8 The presence of these 

discrete energy levels and the size-dependent energy differences causes them 

to exhibit size-tunable properties, making them highly interesting. 

 

Figure 1.1. Density and distribution of energy levels (states) in bulk, quantum confined and molecular 

states of matter (from ref 7). 
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Figure 1.2. Length scale illustrating the nanometre dimension (from ref 1).  
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1.2 Colloidal synthesis of NCs 

Solution-processed nanocrystals (NCs) are very attractive due to their 

low-cost fabrication and easy customization to different shapes and sizes.9-14 

The research in this field took a leap forward following the paper of Murray 

et al. in 1993 in which they introduced the “hot injection method” that 

allows facile production of high quantities of QDs.15 This bottom-up 

approach is based on the rapid injection of organometallic reagents into a 

hot coordinating organic solvent. The slow growth and annealing in the 

coordinating solvent results in uniform surface derivatization and regularity 

in core structure. Also, size selective precipitation allows production of 

highly monodisperse nanocrystallites. 

Colloidal nanocrystals have been developed towards different 

applications in photovoltaics16-18, photodetection19, photodiodes20, light-

emitting diodes (LEDs)21, bioimaging22-24 and biosensing25,26. 

1.3  Surface chemistry 

Even though the inorganic core determines the physical properties of 

the nanocrystals, the ligand shell that surrounds this core also plays an 

important role in the nanocrystal’s properties. Used during synthesis to 

control nucleation and crystal growth9, organic moieties end up as a 

monolayer covering the NC surface and providing colloidal stability. 

Depending on the type of ligand, nanocrystal solubility will be affected, 

making the nanocrystal either hydrophobic or hydrophilic.27 Other 

important properties that are affected by the ligand shell are the 

photoluminescence efficiency28-31 and chemical reactivity. In view of 

processing possibilities, it should also be noted that the ligand shell 

influences the formation of aggregates and attachment to surfaces. Often, it 
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is also necessary or preferable to exchange the original capping ligands by 

others to improve the above mentioned properties for certain applications.32   

In literature, the various types of ligands binding to NC surfaces have 

been devided into three categories: X-, L- and Z-types.33,34 A depiction of X-

type and L-type binding on an NC surface is given in figure 4.5. As can be 

seen in this picture, they bind in a different way to the NC surface. An X-

type ligand balances the net formal charge on the NC surface. Typically 

these NCs’ charge is caused by the excess of metal cations, stabilized by 

ligands with a formally negative charge. But also the opposite situation 

could be possible. Some examples of X-type ligands are carboxylates, 

thiolates and phosphonates. Their ligand behavior has already been studied 

as reported in literature.31,35,36 An L-type ligand on the other hand brings in 2 

electrons when binding. It passivates the NCs surface of which the formal 

charge is already balanced by the cations and anions of the NC itself. 

Figure 1.3. A schematic illustration of the different types of ligand binding possible on NCs 
(from ref. 31) 
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Typically, these ligands exhibit a dynamic adsorption/desorption 

behavior.37,38 Since L-type ligands reclaim the 2 electrons of the NC-ligand 

bond upon desorption, while X-type ligands only take 1, both ligands are 

incompatible for mutual ligand exchange reactions, provided that the NC 

composition is to be preserved. The information above allows the design of 

a useful exchange procedure, since only X-by-X and L-by-L exchange is 

possible.34 However, first, knowledge of the type of ligands stabilizing the 

as-synthesized NC surface is crucial for this ligand exchange design. 

All the points above illustrate how important it is to fully characterize the 

ligand shell and the dynamic behavior of the ligands at the surface for a 

complete understanding and efficient processing of QDs. 

1.4 NMR in comparison to other characterization techniques 

Many characterization techniques exist and are being used in 

nanoresearch, some of the most important ones are listed here with their 

main advantages and limitations. With X-Ray diffraction spectroscopy 

(XRD) and transmission electron microscopy (TEM), information can be 

obtained on the size, shape, crystallinity and dispersity of the nanocrystals. 

However, these techniques give no information on the capping ligands.  An 

indirect method that is often used to measure the binding and exchange of 

ligands is photoluminescence39-41. Although this technique is very important 

for the validation of quantumdots, it does not provide any information on 

the binding mode and exchange mechanisms of the ligand shell. Direct 

observation of ligands with characteristic functionalities and ligand 

exchange is often performed with infrared spectroscopy34,42. While this is a 

valuable technique for distinction of different types of ligands it does not 

provide any information on the dynamic binding of the ligands. X-ray 

photoelectron spectroscopy43 (XPS) is used to determine the different atoms 



Chapter 1 

8 
 

in the nanocrystal and especially the different binding types between surface 

atoms and capping ligands. These measurements are however not 

performed in the colloid but this is first deposited on a substrate, thus, no 

information can be given on the dynamic behavior in the colloid.  

Nuclear Magnetic Resonance (NMR) spectroscopy is different from the 

techniques described above as it provides direct information on the binding 

and dynamic behavior of different capping ligands on the nanocrystal’s 

surface. Other advantages of this technique are the fact that information is 

obtained from the colloids in situ without perturbing the sample. In view of 

these advantages, the use of NMR methodology in nanoresearch has been 

developed over the last decade. Pioneering work in this field was carried out 

in our research groups, PCN and NMRSTR.35-38,44-47 Other research groups 

have implemented NMR studies in their work and contributed to the 

dissemination of NMR as investigative method.30,34,48-50 However, still a lot 

of effort is necessary when studying colloidal NCs since every new system 

provides new challenges and the interpretation of NMR data that make a 

full dynamic picture of the system is not unequivocal. Often, new strategies 

and experiments have to be elaborated.  

1.5  Outline of this thesis 

The multidisciplinary work presented in this thesis is organized in 

various chapters and is the result of collaborations involving the NMR and 

structure analysis unit with different other research groups: PCN (Prof. 

Hens, UGent), IMO (Prof. Van Bael, Prof. Hardy, UHasselt), Scripts (Prof. 

Van Driessche, Ugent) and VITO (Dr. Mullens). The research of NMRSTR 

with PCN and IMO occurred within the context of the research project 

SOPPOM within the Strategic Initiative Flanders (SIM), aiming at the 

development of improved performance materials for photovoltaic 
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applications. All collaborative research groups focus on the study of the 

dynamic behavior and surface chemistry of nanocrystals and their ligands. 

In these collaborations, I was responsible for the design and implementation 

of the NMR strategy for elucidation of the systems’ behavior. I performed 

all NMR measurements and analysis and reported and discussed the results 

with the collaborators, after which alterations on the synthesis or exchange 

strategies could be implemented, and validated by NMR. As a result, the 

published papers have several contributing authors, including me. In this 

thesis, emphasis will be placed on the contribution of NMR for the 

understanding of surface chemistry, rather than on synthesis or other 

characterization methods, which will be referred to via the available 

literature. 

In chapter 2, the Nuclear Magnetic Resonance (NMR) Spectroscopy 

techniques are overviewed that are typically applied in nanocrystal research 

in our groups.  Their use is demonstrated using oleic acid capped CdSe NCs 

which constitute a well-studied nanocrystal-ligand system will be used. 

These NMR techniques, commonly referred to as the ‘NMR toolbox’, 

formed the basis for further development and expansion into new 

investigative strategies that can be used in different nano- and microparticle 

suspensions as detailed in further chapters. 

 

In chapter 3, a first application of the NMR toolbox in a new research 

study is given. Aluminium doped Zinc Oxide is explored as a new 

Transparent Conductive Oxide (TCO) material. Synthesized via a heat 

initiated thermal decomposition route, the combination of oleic acid and 

oleylamine is used to stabilize the obtained NCs. In order to verify the 

reaction mechanism that is needed for the stabilization and the actual 
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interactions of the surfactants with the NC surface, an in depth NMR study 

was performed.51  

 

In chapter 4, Hafnium Oxide (HfO2) NCs are studied (in collaboration 

with Scripts, Prof. Van Driessche, UGent) as an example of the more 

general group of Metal Oxide NanoCrystals (MONCs). The microwave 

assisted non-aqueous surfactant-free synthesis is followed by a post-

synthetic stabilization with small amount of surfactant. However, 

surprisingly, it appears that two types of surfactants are needed to provide 

stability. In order to gain an in-depth understanding of the surface chemistry 

during all stages of synthesis and functionalization an in depth NMR study 

was performed.52  

 

In chapter 5, the elucidation of the complex surface chemistry of amine 

capped Copper Indium Sulfide NCs required the development and 

implementation of new NMR strategies. CuInS2 NCs are explored for the 

application in different optical and electronic applications. They are 

synthesized typically by using a long-chain amine surfactant in a hot-

injection procedure.  With respect to applications it is important however 

that these long-chain ligands are replaced by shorter ones. This exchange of 

ligands requires a detailed understanding of the surface chemistry because a 

choice of appropriate reaction conditions and exchanging ligand is crucial. 

To achieve this understanding, the NMR toolbox was further expanded, 

including in situ high temperature measurements.53 

 

In chapter 6, the NMR toolbox is tested and expanded for use in micro-

sized particles. Hydroxyapatite powder is used as an inorganic carrier for 

antigen delivery in the human body. Besides the many advantages of this 

approach, the disadvantage is the low loading capacity of the 
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hydroxyapatite surface. In this respect, the hydroxyapatite surface is 

functionalized first with an amino acid molecule. This approach provides a 

60% increase in loading capacity for Bovine Serum Albumin. However, to 

gain insight in the mechanism behind this approach, the amino acid 

functionalized powders have to be characterized. In this chapter, we show 

how known NMR experiments can be used or have to be adjusted for the 

characterization of these functionalized micro-sized powder. Also, high-

resolution Magic Angle Spinning (hr-MAS) and Saturation Transfer 

Difference (STD) experiments that were so far not used in this type of 

research are implemented for the first time and used to obtain even more 

insight in these micro-sized particles.54 
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 2 

NMR TOOLBOX FOR 

NANOCRYSTALS 
In this chapter, the application of the existing 

NMR toolbox will be illustrated with previously 

investigated and published colloidal quantumdot 

systems.   

By exploiting chemical shift perturbations, the 

resonances’ line-width and the molecular diffusion 

coefficient, interacting species may be distinguished 

from non-interacting ones in the dispersion. 

Information regarding the identity and quantity of 

the interacting ligands at the NC surface can be 

obtained.  
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2.1 Different types of colloidal quantumdot systems 

As mentioned in chapter 1, several different types of colloidal 

nanoparticle systems exist and have been studied with NMR spectroscopy 

by our and other research groups.1-14 However, these systems can all be 

divided into three separate categories depending on the exchange dynamics 

of the surface associated ligands. These different categories all have different 

spectral characteristics and demand for the use of specific NMR 

experiments as will be elaborated in this chapter.  

One-step exchange 

The simplest dynamic exchange situation is a one-step exchange. This 

situation is illustrated in figure 2.1 for a ligand La that exchanges between a 

bound and a free state.  Depending on the activation energy barrier and 

kinetics of this process, one-step exchange can still be divided into 3 distinct 

possibilities that give rise to different spectral observations: no, slow or fast 

exchange.  

No exchange 

In this situation, two cases need to be considered. If La does not act as a 

ligand for the NC, it will remain free in solution and display all the NMR 

Figure 2.1. Illustration of one-step exchange of a ligand La with an NC surface 
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characteristics of a solvated and free molecular species. This typically occurs 

with non-solvents used during work-up procedure that were not completely 

washed away. Their contribution will be apparent from the contribution of 

sharp resonances, typically showing scalar coupling fine structure.  

A second possibility is that La is strongly bound and is only found on the 

surface. In this case, only a broad resonance will be observed for each 

proton of the ligand. This is the case for oleic acid capping ligands on CdSe 

or PbSe NCs in a purified suspension.4,7  

Slow or fast exchange 

  In the case that exchange according to Figure 2.1 does occur, there are 

still different possibilities that should be distinguished when interpreting the 

NMR spectra. Depending on the kinetics of the exchange with respect to the 

NMR time scale, the appearance of the exchanging species in the spectra 

may be quite different.  

Two-step exchange 

Previous work has shown that also two-step exchange may exist for a 

capping ligand with an NC surface, each with a different exchange 

dynamics. An illustration of the two steps involved is given in figure 2.3. 

First, an equilibrium exists between the ligand bound to the NC surface 

(chemisorbed) and entangled in the ligand shell (physisorbed). Because this 

equilibrium typically involves a protonation/deprotonation step, the 

activation barrier involved is considerable and the exchange dynamics is 

usually slow on the NMR time scale. The source of the proton is usually 

another ligand which is entangled. After deprotonation, it becomes bound 

to the surface, effectively swapping states with the previously bound and 

now protonated ligand, that moves to the entangled state. A second 
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equilibrium now exists between the ligand in the entangled state and those 

free in solution. As this only involves non-bonding interactions, the kinetics 

of this exchange is much faster, causing it to be fast on the NMR timescale.  

This behavior is observed in this work and was previously published by 

our group for oleic acid capped CdSe NCs when additional oleic acid is 

added to the suspension.7  

2.2 Effects of exchange on resonance appearance 

The theory of the exchange of ligands between free and bound states and 

the impact it has on resonance appearance, is well-described in literature, 

especially for the case of host-guest and protein-ligand interactions of 

interest in chemistry and biology.16 Conceptually, there is little difference 

between these systems and that of a ligand interacting with a nanoparticle 

surface. Therefore, the same theoretical treatment can be followed.5  

The association/dissociation is given by following chemical equilibrium: 

 

Figure 2.2. Illustration of two-step exchange of a ligand La with the NC surface 
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Where L represents the ligand and NC* represents an available binding 

site on the nanocrystal. The dissociation constant KD is in that case given 

by: 

𝐾𝐷 =
[𝑁𝐶∗][𝐿]

[𝑁𝐶−𝐿]
=

𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
 (2.1)  

Assuming association is diffusion controlled, the KD value is mostly 

influenced by the koff rate constant. Low off rates will lead to smaller KD 

values and be indicative of tight binding, while high off rates will lead to 

large KD values and be indicative of weaker binding for otherwise 

unaffected concentration of interacting species.  

To discuss the impact of the exchange rates on the spectroscopic 

manifestation of the ligand resonances involved, the total exchange rate 

constant kex for the entire process is typically used and defined as: 

kex = kon + koff  

When ligands bind tightly, then kex<< Δv and no or slow exchange is 

observed. When ligands bind weakly to the NC, kex>> Δv and fast exchange 

is observed.  refers to the frequency difference (in Hz) between both 

environments. These different cases are illustrated in figure 2.2 that depicts 

the impact of such dynamic exchange on the spectral properties. In both 

illustrated cases (a and b) the resonance of a particular hydrogen nucleus 

part of a ligand is monitored as the associated molecular species exchanges 

between two environments, here  the free and NC bound ones.  

In figure 2.2 a, both environments are equally populated by the 

exchanging species. As a result, two separate signals of equal integrated 

peak area are observed when no or slow exchange kinetics apply, i.e. when 

 > kex. In the case of fast exchange kinetics, i.e.  < kex, only one single 
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resonance is observed. Its frequency corresponds to the population average 

of both individual frequencies.  

𝛿𝑜𝑏𝑠 =  𝑥𝑎𝛿𝑎 + 𝑥𝑏𝛿𝑏  (2.2) 

Here, xa and xb represent the fraction of respectively species a and b, and 

δa and δb the resonance frequencies expressed as chemical shifts. Since the 

kex << Δν 

Slow exchange 

kex = Δν 

Intermediate exchange 

kex >> Δν 

Fast exchange 

Figure 2.3. Two-site exchange for different kex values, ranging from slow to fast exchange, for both a 

system in which both environments are equally populated (a) and in which one environment is more 

heavily populated (b).15 The frequency difference between both sites is 400 Hz (Δω = 2513 rad.s–1). 

Defining the relative populations of the two forms as αA and αB, the relative populations for (a) are αA 

= αB = 0.5 (b) αA = 0.9 and αB = 0.1. 
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populations are considered equal, the resonance appears exactly halfway 

between the frequencies adopted in each environment. When the exchange 

rate approaches the frequency difference, considerable broadening occurs 

and coalescence is apparent when they are equal. This picture changes 

somewhat when one species is much more abundant than the other (e.g. in 

the case of a large pool of free ligand compared to a small amount of bound 

ligand) (figure 2.2 b). In this case, at slow exchange, both resonances are 

observed with their respective integral. When the exchange is fast on the 

NMR time scale, one single resonance is observed at a position closer to 

that of the most abundant species.15,17 

Some examples of ligands that are in fast exchange between the free and 

bound state are oleylamine capped PbS NCs, octylamine capped ZnO NCs 

and dodecylamine capped CdTe NCs.5,8 An example of a capping ligand 

that is in slow exchange between the free and bound state is TOPO capped 

InP NCs.3  

2.3 1D 1H NMR 

Figure 2.4a depicts the 1D 1H spectrum of oleic acid in toluene-d8. The 

different OA resonances are assigned as indicated. Assignment is performed 

using chemical shift information and different 2D experiments, such as 1H-

HSQC and COSY (details are not provided here but can be found elsewhere 

in literature).4  Notice the resonance of the alkene protons at 5.4 ppm and 

the methyl resonance at 0.9 ppm, both fully resolved, making them the most 

interesting ones from the NMR point of view. They will be typically 

monitored in most systems studied in this work both for quantitation and 

for the study of the surface chemistry. Figure 2.4b depicts the same oleic 

acid but now as a non-exchanging capping ligand on CdSe NCs with a 

diameter of ~6 nm. Several changes are observed in the spectrum with 
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respect to the reference spectrum of oleic acid. One can clearly see that the 

resonances of the oleic acid protons are broadened and show a downfield 

shift (illustrated with the dashed line for the alkene resonance). These two 

characteristic spectral changes are mentioned excessively throughout 

literature.1,3,4,7,8,18-23 From theory24, it is known that line broadening is 

inversely proportional to the transverse relaxation time, T2, according to 

Figure 2.4. (a) 1D 1H spectrum of oleic acid in toluene-d8 at 298.2 K (b) 1D 1H spectrum of oleic 

acid capping CdSe nanocrystals in toluene-d8 at 298.2 K 



NMR Toolbox for nanocrystals 

23 
 

equation 2.2. This transversal interproton dipolar relaxation is typically 

more efficient with a decreased rotational mobility of the ligands, i.e. when 

they are bound to the nanocrystal’s surface.  

 ∆𝑣1
2⁄ =

1

𝜋𝑇2
  (2.2) 

When recording the 1D 1H spectrum in a quantitative fashion, i.e. with a 

relaxation delay d1 of 30 seconds, which allows full T1 relaxation (d1>5T1), 

it is also possible to determine the amount of bound ligands. For this 

quantification the integrated intensity of the resonance is weighed against an 

internal calibration of the spectrometer using the Electronic Reference To 

acces In vivo Concentrations (ERETIC) method, which is based on PUlse 

Length based CONcentration (PULCON) Determination.25 The broadening 

of the resonances upon binding may raise questions about the precision of 

the integration. However, if both edges of the signal are clearly observed 

one can take the whole resonance in consideration. However when 

broadening increases even more due to binding to very large particles or 

exchange phenomena, it becomes harder to define the edges of the 

resonance and integration may in these cases cause an underestimation of 

the amount of bound ligands. In the worst case, broadening can cause the 

signal to be no longer detectable. Then, an indirect way to quantify the 

amount of bound ligand is by adding an excess of a different ligand with 

higher affinity to the solution and quantifying the released ligand in the free 

state.  

2.4 Nuclear Overhauser enhancement spectroscopy (NOESY)24,26,27 

NOESY is a 2D NMR technique that is very widely used for 

characterizing molecular stereochemistry and conformation because it gives 

information on the short internuclear distances. The NOE can be defined as 



Chapter 2 

24 
 

the change in intensity of one resonance when the spin transitions of 

another, dipolarly coupled spin are perturbed from their original 

populations. 

 The mechanism behind this can be illustrated if we consider the energy 

level diagram of a two-spin system (figure 2.5). Now suppose that spin S is 

saturated, i.e. population differences across the S transitions are forced to 0. 

Clearly, the system is now perturbed from its equilibrium and will try to 

regain this by altering its spin populations. There are 6 different relaxation 

pathways that make this possible. Four of these pathways are single-

quantum transitions that are labeled by a transition probability W1. The two 

other transitions involve the simultaneous flipping of both I and S spins. 

The αβ-βα W0 process is referred to as a zero-quantum transition and the αα-

ββ W2 process is the double-quantum transition. It is these two cross-

relaxation pathways that are responsible for the NOE. A W2 process will 

remove spins from the ββ state to the αα state in an attempt to recover the 

Figure 2.5. Energy level diagram for a two-spin system, showing the definitions of transition 

probabilities (W0, W1, and W2) and spin states (αα, αβ, βα and ββ). Spin states are written with the state 

of I first and that of S second, i.e., αβ means spin I is in the α state, and spin S in the β state (from ref. 24) 
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population differences across the S transitions. Doing so, it increases the 

population difference across the two I transitions. This will result in a net 

increase of the I spin resonance intensities in the spectrum, i.e. create a 

positive NOE. A W0 process will transfer spins from the βα to the αβ state 

also attempting to recover population differences across S transitions. In this 

case however, the population difference across the I transitions will decrease, 

leading to a reduction of the I spin resonance intensities in the spectrum, i.e. 

a negative NOE. The W1
I process will attempt to re-establish the 

equilibrium population differences for the I transitions as soon as the NOE 

begins to develop and will act against the NOE build-up.  

Considering all the various rate processes involved in the population 

changes, following expression can be derived for the steady-state NOE: 

𝜂𝐼{𝑆} =
𝛾𝑆

𝛾𝐼
[

𝑊2−𝑊0

𝑊0+2𝑊1
𝐼+𝑊2

] ≡
𝛾𝑆

𝛾𝐼
[

𝜎𝐼𝑆

𝜌𝐼𝑆
]  (2.4) 

In this equation for the steady-state NOE, all the important factors 

needed for interpreting NOE data are present, making it very useful even 

though NOE enhancements in NOESY spectra are measured under 

transient-state spin perturbations.  

Quantitative expressions for the relaxation rates for the case of two spins 

½ relaxing exclusively via their mutual dipole-dipole interaction are the 

following: 

𝑊0𝐼𝑆 =
1

20
𝐾2𝐽(𝜔𝐼 − 𝜔𝑆) (2.5) 

𝑊1𝐼 =
3

40
𝐾2𝐽(𝜔𝐼) (2.6) 

𝑊2𝐼𝑆 =
3

10
𝐾2𝐽(𝜔𝐼 + 𝜔𝑆) (2.7) 
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Where 𝐾 =  (𝜇0 4𝜋⁄ )ℏ𝛾𝐼𝛾𝑆𝑟𝐼𝑆
−3. 

The various spectral density functions J(ωx) in these equations each 

describe how good the local magnetic fields oscillating at the frequency ωx 

due to molecular motions can stimulate relaxation. Via these spectral 

density functions, we can link the molecular tumbling with the transition 

probabilities. Assuming isotropic tumbling of a rigid molecule, the spectral 

density can be said to be: 

𝐽(𝜔𝑋) =
2𝜏𝑐

(1+𝜔𝑋
2 𝜏𝑐

2)
 (2.8) 

For small molecules, molecular tumbling is very rapid and ωXτc<< 1. 

This is called the extreme narrowing limit and in this case, the 

denominators of all spectral density expressions can be set to 1 which 

simplifies the expression of the NOE enhancement in Eq. 2.4 to + 50 % in 

the homonuclear case. W2 processes are dominant in this case, thus the 

NOE enhancement is positive. When molecular weight increases and 

ωXτc≈1, the number of W2 and W0 transitions are nearly equal and NOE 

Figure 2.6. NOE enhancement in function of molecular size (figure from ref 24) 
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enhancements reduce to zero. In larger molecules when  ωXτc>>1, all 

spectral densities other than 𝐽(𝜔𝐼 − 𝜔𝑆)  become insignificant and W0 

transitions will now become dominant, leading to negative NOE 

enhancements that build up rapidly. This limit is known as the spin-

diffusion limit. Figure 2.6 illustrates this dependence of the NOE 

enhancement on molecular weight. 

Unwanted signals remaining from the NOESY sequence are zero-

quantum coherences (ZQCs) that existed during the mixing time and which 

are subsequently transformed to observable signals by the last 90° pulse. 

These are COSY-like peaks with anti-phase multiplet appearance. When 

applied to the case of nanocrystal research, the following observations can 

be expected. 

A ligand that is free in solution behaves as a small molecule and will 

develop weak, positive NOEs, as shown for oleic acid in toluene-d8 in 

figure 2.7a. On the other hand, ligands that are tightly bound to the surface 

(no or slow exchange) will develop large negative NOEs, as shown for oleic 

acid capping ligands on CdSe NCs in figure 2.3b. It is important to clarify 

that positive NOEs have opposite signs from the diagonal peaks and 

negative NOEs have the same sign as the diagonal peaks. Also, clear and 

negative NOEs will typically be observed between all resolved resonances, 

even if the distance between the spins is larger than the normal distance for 

NOE build-up. This phenomenon is caused by efficient multistep transfers 

involving spin diffusion.7 These spectra illustrate the applicability of 2D 

NOESY to identify ligands bound to a nanocrystal versus non-interacting 

ligands that are free in solution. This has also been demonstrated already 

several times in literature for different types of nanocrystals.5,6,8,23     
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In the case of oleic acid capping ligands on CdSe NCs, the ligands are 

tightly bound to the surface and negative NOEs are easily interpreted as the 

result of the ligand’s behavior as part of one large system. In case a molecule 

or ligand is in fast exchange with the surface, NOESY remains a suitable 

technique to identify this case thanks to the occurrence of the transfer 

NOE.5,6,27 The trNOE concept can be explained conveniently using the 

depiction in figure 2.8. Upon adsorption on the NC surface, the tumbling 

rate of the ligand slows down and an initial polarization located at specific 

protons can be efficiently distributed via the NOE effect to neighboring 

protons during the mixing time. This distributed polarization is maintained 

after desorption, when the ligand’s tumbling rate increases again, and 

appears as a cross peak in the 2D NOESY spectrum. Negative NOEs 

generated in the bound state are thus easily transferred to the free state. An 

example of this was reported in literature by our research groups for DDA 

(dodecylamine) capped CdTe NCs where the DDA is in fast exchange 

Figure 2.7. 2D NOESY spectrum of (a) oleic acid in tol-d8, recorded with 450 ms mixing 

time, (b) oleic acid capping ligands on CdSe NCs in tol-d8, recorded with a 300 ms mixing time  
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between the bound and free state, but strong negative trNOE cross peaks are 

observed (figure 2.9).5 

 

Figure 2.8. The trNOE concept (figure from ref 5) 

 

2.3. Rotating-frame Overhauser Enhancement Spectroscopy  

 

 

 

Figure 2.9. 2D NOESY spectra at 100 ms mixing time of a reference DDA sample in toluene (a) and of 

Q-CdTe with DDA (b). Whereas zero-quantum coherence artifacts typical for small molecules are visible in 

the reference sample, strong, negative trNOE cross-peaks are apparent in Q-CdTe|DDA. (from ref 5) 
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2.5 Rotating frame Overhauser Enhancement Spectroscopy (ROESY)28 

The ROESY experiment was originally designed to study the structure 

of intermediate sized molecules, since the NOE build-up curve crosses zero 

for those molecules.29,30 As shown in figure 2.10, in contrast to the NOE, the 

ROE build-up curve is positive for all sizes of molecules. For the study of 

nanocrystals, a secondary advantage of ROESY is being used, i.e. the 

possibility to distinguish cross relaxation from chemical exchange effects. 

ROE cross peaks will always be positive, i.e. display a sign opposite to the 

diagonal peaks, while chemical exchange cross peaks will be negative, i.e. 

have the same sign as the diagonal peaks. Practically, the experiments used 

throughout this thesis are off-resonance ROESY experiments, since these 

lack the unwanted TOCSY (or HOHAHA) transfers.31 The value of this 

technique was demonstrated by our research groups in a paper on self-

exchange of carboxylic acid ligands on CdSe QDs (figure 2.11).7 When oleic 

acid is added to a suspension of oleic acid capped CdSe NCs, a two-step 

exchange occurs (cf. supra). In the 2D NOESY spectrum (figure 2.11 a), no 

distinction can be made between cross-peaks resulting from slow exchange 

(see inset) or from NOEs occurring between the different resonances of one 

Figure 2.10. ROE enhancement in function of molecular size (figure from ref 6) 
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species: they are all negative, i.e. they have the same sign as the diagonal 

peaks. In the 2D off-resonance ROESY however (figure 2.11 c), the ROE 

cross peaks are positive while the cross peak between the bound and “free” 

pool of OLAc is clearly negative (see inset), indicating that this peak 

originates from chemical exchange.       

2.6 Diffusion Ordered Spectroscopy (DOSY)32-37  

Self-diffusion arises from the random translational (Brownian) motion of 

molecules in physically homogenous solutions. The diffusion coefficient is a 

measure of the rate of mean square displacement of a molecule and has 

units of m²s-1. The principle of a simple diffusion measurement using a 

Pulsed-Field Gradient (PFG) approach is shown in figure 2.7.34 First, the 

magnetization is rotated from the z-axis into the x-y plane with a π/2 rf 

pulse. Then, a gradient pulse with duration δ and strength gz is applied. At 

the end of the first period τ, a π rf pulse reverses the sign of precession. 

Finally, at time t1+Δ, a second gradient pulse with same duration δ and 

strength gz is applied. If the spins have not undergone any translational 

Figure 2.11. Suspension of oleic acid capped CdSe NCs with additional oleic acid added in a two-step 

exchange equilibrium, 2D NOESY spectrum (A), zoom of alkene region (B), 2D ROESY spectrum (C). 

(from ref 7)  
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motion with respect to the z-axis, all spins will refocus and maximum signal 

intensity is obtained. If however part of the spins have moved over the z-

axis during the diffusion time Δ, these spins are not refocused and the final 

signal is attenuated. You might think of it as creating a magnetization helix 

during the first gradient and unwinding this helix during the second gradient 

pulse (since the phase angle was changed during the π rf pulse). If the spins 

stay on their z-position, the echo signal is the same before and after this 

“helix formation”. If on the other hand, the spins diffuse through the z-axis, 

Figure 2.12. Depiction of a simple PFG NMR experiment and the effect of diffusion on the 

signal intensity (from ref 32) 
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the winding and unwinding of the helix are scrambled resulting in a smaller 

echo signal.  Two important parameters in this pulse sequence that can be 

optimized are the duration of the gradient pulse δ and the time between the 

two gradient pulses Δ. For all the experiments in this thesis, these values are 

optimized to get signal attenuation at the maximal gradient strength of at 

least 90%, with δ < 2500 µs and Δ < 0.35 s . It is important to get this 

attenuation in order to have a correct sampling of the Gaussian decay of the 

resonance intensity. During the experiment, the gradient strength is 

systematically varied to its maximum in 32 or 64 steps. For ligand-

nanocrystal systems, it is important to keep δ as low as possible since 

effective relaxation causes these resonances to decay rapidly during this 

delay time. Therefore, we optimized to a maximized Δ (maximum due to 

probe safety limitations) and kept δ as low as possible. For the ligand-

nanocrystal systems studied in this thesis, the normal probe (Z gradient of 

50 G/cm) was sufficient to obtain good signal decay and fitting.  Larger 

systems with reduced diffusivity may not satisfy the 90% or more 

attenuation criterion. In this case, the use of a dedicated diffusion probe 

(1200 G/cm) may be considered.  

From the results of the PFG experiment, a diffusion coefficient D is 

calculated using the appropriate Stesjkal-Tanner equation.37
_ENREF_36 As the 

convection compensated diffusion experiment using smoothed rectangle 

gradient shape functions were mostly used in this work, this was mostly the 

following equation:  

𝐼 = 𝐼0𝑒𝑥𝑝 {−𝐷𝛾2𝛿2𝑔2 81

100
(Δ −

6.344𝜋2−207

9.720𝜋2
𝛿 −

𝜏1+𝜏2

2
)} (2.9) 

The calculations were always performed using an in-house MatLab-

script. Fitting can be mono or bi-exponential, according to the presence of 

overlapping signals with different diffusion coefficients. 
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In the case of CdSe NCs capped with oleic acid ligands, the resulting 

data points and fitting curves are depicted in figure 2.13. These curves 

belong to the alkene signal at 5.4 ppm only, but the same result is obtained 

when processing the attenuation of the other resonances. In the logarithmic 

plot a linear decay is visible, which points to a mono exponential decay. 

The calculated diffusion coefficient is 99.6 ± 0.7 µm²/s.  From the diffusion 

Figure 2.13. Decay of the signal intensity at increasing gradient strength during the 2D DOSY sequence 

of the alkene resonance of strongly bound oleic acid capping ligands on CdSe NCs in toluene-d8 at 298 K. 
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coefficient, a hydrodynamic radius is calculated using the Stokes-Einstein 

equation for spherical particles.  

𝑟𝐻 =
𝑘𝐵𝑇

6𝜋𝜂𝐷
  (2.10) 

Here kB is the Boltzman constant, T is the temperature in Kelvin, η the 

viscosity of the solvent in mPa.s and D the diffusion coefficient in m²/s. 

The different values of the viscosities used in this thesis are given in table 2.1. 

For our example of CdSe capped with oleic acid ligands, the resulting 

hydrodynamic radius is 3.71 nm.  

For comparison, the diffusion coefficient of a reference sample of oleic 

acid in toluene is also measured and calculated. Figure 2.14 shows the 

mono exponential decay of the signal intensity of the alkene resonance. 

Again only the logarithmic plot is shown since this provides a most 

convenient visual inspection of the information. Also in the course of this 

thesis, logarithmic plots will be given. The diffusion coefficient is equal to 

556.8 ± 0.4 µm²/s, which correlates with a hydrodynamic radius of 0.66 nm.      

Table 2.1. Viscosities of solvents used in this thesis 

solvent viscosity (mPa.s) 

toluene 0.59 

chloroform 0.54 

water 0.89 

1,2-dichlorobenzene 1.32 

 

In the case of fast chemical exchange on the diffusion time scale (defined 

by -1), the observed diffusion coefficient will be a weighted average 

between the two states, according to the following equation: 
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𝐷𝑜𝑏𝑠 = 𝑥𝐴𝐷𝐴 + 𝑥𝐵𝐷𝐵  (2.11) 

With A and B the two possible states of the molecule, i.e. in our case free 

and bound ligands.  

2.7 References 

 (1) Hens, Z.; Moreels, I.; Martins, J. C. ChemPhysChem 2005, 6, 2578. 
 (2) Moreels, I.; Martins, J. C.; Hens, Z. ChemPhysChem 2006, 7, 1028. 
 (3) Moreels, I.; Martins, J. C.; Hens, Z. Sens. Actuator B-Chem. 2007, 126, 283. 
 (4) Moreels, I.; Fritzinger, B.; Martins, J. C.; Hens, Z. J. Am. Chem. Soc. 2008, 130, 15081. 
 (5) Fritzinger, B.; Moreels, I.; Lommens, P.; Koole, R.; Hens, Z.; Martins, J. C. J. Am. Chem. Soc. 

2009, 131, 3024. 
 (6) Antti Hassinen, I. M., Celso de Mello Donegá, José C. Martins, and Zeger Hens J. Phys. Chem. 

Lett. 2010, 1, 2577. 
 (7) Fritzinger, B.; Capek, R. K.; Lambert, K.; Martins, J. C.; Hens, Z. J. Am. Chem. Soc. 2010, 132, 

10195. 
 (8) Moreels, I.; Justo, Y.; De Geyter, B.; Haustraete, K.; Martins, J. C.; Hens, Z. ACS Nano 2011, 5, 

2004. 
 (9) Hassinen, A.; Moreels, I.; De Nolf, K.; Smet, P. F.; Martins, J. C.; Hens, Z. J. Am. Chem. Soc. 

2012, 134, 20705. 

Figure 2.14. Decay of the signal intensity at increasing gradient strength during the 2D DOSY 

sequence of the alkene resonance of oleic acid in toluene-d8 at 298 K. 



NMR Toolbox for nanocrystals 

37 
 

 (10) Kalyuzhny, G.; Murray, R. W. J. Phys. Chem. B 2005, 109, 7012. 
 (11) Anderson, N. C.; Hendricks, M. P.; Choi, J. J.; Owen, J. S. J. Am. Chem. Soc. 2013, 135, 18536. 
 (12) Anderson, N. C.; Owen, J. S. Chem. Mat. 2013, 25, 69. 
 (13) Coppel, Y.; Spataro, G.; Pages, C.; Chaudret, B.; Maisonnat, A.; Kahn, M. L. Chem.-Eur. J. 2012, 

18, 5384. 
 (14) Hughes, B. K.; Ruddy, D. A.; Blackburn, J. L.; Smith, D. K.; Bergren, M. R.; Nozik, A. J.; Johnson, 

J. C.; Beard, M. C. ACS Nano 2012, 6, 5498. 
 (15) Sinnaeve, D., Ghent University, 2010. 
 (16) Meyer, B.; Peters, T. Angewandte Chemie International Edition 2003, 42, 864. 
 (17) Bain, A. D. Prog. Nucl. Magn. Reson. Spectrosc. 2003, 43, 63. 
 (18) Sachleben, J. R.; Wooten, E. W.; Emsley, L.; Pines, A.; Colvin, V. L.; Alivisatos, A. P. Chemical 

Physics Letters 1992, 198, 431. 
 (19) Sachleben, J. R.; Colvin, V.; Emsley, L.; Wooten, E. W.; Alivisatos, A. P. J. Phys. Chem. B 1998, 

102, 10117. 
 (20) Kohlmann, O.; Steinmetz, W. E.; Mao, X. A.; Wuelfing, W. P.; Templeton, A. C.; Murray, R. W.; 

Johnson, C. S. J. Phys. Chem. B 2001, 105, 8801. 
 (21) Shon, Y. S.; Wuelfing, W. P.; Murray, R. W. Langmuir 2001, 17, 1255. 
 (22) Shaffer, A. W.; Worden, J. G.; Huo, Q. Langmuir 2004, 20, 8343. 
 (23) Cros-Gagneux, A.; Delpech, F.; Nayral, C.; Cornejo, A.; Coppel, Y.; Chaudret, B. J. Am. Chem. 

Soc. 2010, 132, 18147. 
 (24) Claridge, T. In High-Resolution NMR Techniques in Organic Chemistry; Elsevier: 2009; Vol. 27. 
 (25) Wider, G.; Dreier, L. J. Am. Chem. Soc. 2006, 128, 2571. 
 (26) Williamson, M. P. In eMagRes; John Wiley & Sons, Ltd: 2007. 
 (27) Neuhaus, D. In eMagRes; John Wiley & Sons, Ltd: 2007. 
 (28) Bax, A.; Grzesiek, S. In eMagRes; John Wiley & Sons, Ltd: 2007. 
 (29) Bothner-By, A. A.; Stephens, R. L.; Lee, J.; Warren, C. D.; Jeanloz, R. W. J. Am. Chem. Soc. 

1984, 106, 811. 
 (30) Bax, A.; Davis, D. G. Journal of Magnetic Resonance (1969) 1985, 63, 207. 
 (31) Desvaux, H.; Berthault, P.; Birlirakis, N.; Goldman, M. Journal of Magnetic Resonance, Series 

A 1994, 108, 219. 
 (32) Stejskal, E. O.; Tanner, J. E. The Journal of Chemical Physics 1965, 42, 288. 
 (33) Stilbs, P. Prog. Nucl. Magn. Reson. Spectrosc. 1987, 19, 1. 
 (34) Price, W. S. Concepts Magn. Resonance 1997, 9, 299. 
 (35) Ribot, F.; Escax, V.; Roiland, C.; Sanchez, C.; Martins, J. C.; Biesemans, M.; Verbruggen, I.; 

Willem, R. Chem. Commun. 2005, 1019. 
 (36) Morris, G. A. In eMagRes; John Wiley & Sons, Ltd: 2007. 
 (37) Sinnaeve, D. Concepts in Magnetic Resonance Part A 2012, 40A, 39. 

 

 

 

 

 

 



Chapter 2 

38 
 

 



 
 

 3 

ALUMINIUM-ZINC-OXIDE 

NANOCRYSTALS 
In this chapter, Aluminium doped Zinc Oxide NCs 

synthesized with both oleic acid and oleylamine are 

characterized. First, the project is situated in the 

current research area of transparent conductive 

oxides. Next, a full characterization using the NMR 

toolbox on this specific system is presented. This 

work was published in RSC advances.
1
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3.1 Introduction 

Transparent Conductive Oxides (TCOs) have received considerable 

attention in recent years because of their interesting properties in thin film 

optoeletronic devices such as solar cells2, light emitting diodes3,4, laser 

diodes5,6, transistors7,… Tin doped Indium Oxide (ITO) is the most 

commercialized TCO material to date because of its high conductivity and 

transparency.8 However, concerns about its toxicity and the limited 

availability of Indium, forces researchers to consider different alternatives.  

Aluminium doped Zinc Oxide (AZO) is seen as a promising alternative 

ITO and much research is performed in order to improve its characteristics 

and applicability.9-13 AZO has been reported with conductivities up to 104 S 

cm-1 and a transparency of 90%.14  

In the research presented here, focus is placed on solution based methods 

instead of vacuum based physical routes because of valorization towards 

industrial applications. A thermal decomposition route yields monodisperse 

NCs with high colloidal stability. There are two types of thermal 

decomposition syntheses: the hot-injection method and the heating 

method.15 For this work, the heating method was explored since there was a 

lack of insight in the stabilization mechanisms occurring during the reaction 

and after stabilization with long-chain amines and carboxylic acids. AZO 

NCs were synthesized by thermal decomposition of Zn and Al 

acetylacetonates, as adapted from an original thermal decomposition 

synthesis route for ferrites.16 For the stabilization of these AZO NCs, the 

combination of two surfactants is often used, oleic acid and oleylamine, 

providing high colloidal stability.  
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The synthetic route is schematically presented in figure 3.1. Synthesis 

was carried out with 2 mmol of Zn(acac)2.xH2O in combination with 2 

mol% Al(acac)3. Former reagents were mixed with 10 mmol 1,2-

hexadecanediol and dissolved in a mixture of 6 mmol oleic acid, 6 mmol 

oleyl amine and 25 mL dibenzyl ether. The solution in the three-neck round 

bottom flask was magnetically stirred and flushed with nitrogen while 

heating to 60 °C with a heating mantle coupled to a JKEM scientific 310 

controller. After obtaining a clear solution at 60 °C, the three-neck flask was 

closed under nitrogen and the temperature raised further up to 200 °C. The 

solution was maintained at 200 °C for 2 h and afterwards 1 h at 300 °C. 

After reflux, the obtained sol was cooled down to room temperature in the 

closed N2 setup. Absolute ethanol (180 mL) was added (in atmospheric 

conditions) to destabilize the sol and to induce precipitation of the NCs. 

The precipitated particles were purified by means of centrifugation in an 

Eppendorf microcentrifuge (30’ at 4000 rpc). The supernatant was discarded 

and the white powder with NCs was resuspended in 8 mL of hexane. The 

precipitation and centrifugation steps were repeated once. The resulting 

purified NCs were finally suspended in hexane (16 mL) and again 

centrifugated for 30’ at 4000 rpc to remove larger NCs. In this final step, the 

precipitated pellet with the excess population was discarded and the 

Figure 3.1. Schematic depiction of the synthesis and work-up procedure of AZO NCs. 
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supernatant, containing the desired NCs, is transferred into a container to 

be stored for further use. For the NMR characterization, the suspensions are 

first completely dried, using a rotary evaporator and subsequently an oil 

pump. Afterwards, the samples are redissolved in deuterated toluene and 

600 µl is put in an NMR tube.  

More information on the development and implementation of the 

synthesis strategies of AZO NCs and the processing towards different 

applications is available from the PhD thesis of Hanne Damm, whom did 

her PhD research on these materials at UHasselt and provided all the 

samples studied during our collaboration. In this thesis, focus is put solely 

on the characterization of the AZO NC colloidal suspensions using the 

NMR-toolbox. Different research questions where formulated in this 

collaboration. To address these, a full NMR characterization of the material 

was conducted first, since this already reveals some important information, 

such as nanoparticle size and dynamic ligand behavior.  

After this initial study, we were challenged to determine the role of the 

two surfactants used, oleylamine and oleic acid. Both surfactants appear 

necessary during synthesis and stabilization, but their specific role was 

unclear. To explain why both are indispensable, we aimed at determining 

the composition of the final ligand shell, in order to determine whether they 

are both present there or not. Given the strong resemblance of their 

spectroscopic properties, we designed different experiments that allowed us 

to make a distinction between both. This work was the first in-depth study 

on the surfactants behavior of AZO NCs and provides important 

information for better understanding of the thermal decomposition synthesis. 

The main results were published in RSC advances.1 
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3.2 Basic characterization 

First, a basic characterization was performed on the AZO NCs 

synthesized via a heating synthesis using both oleic acid (OLAc) and 

oleylamine (OLAm) as surfactants.  

In figure 3.2, the structural formula and 1D 1H reference spectra of 

OLAc and OLAm in toluene-d8 are shown. The assignment was carried out 

using 2D 1H-1H COSY and 2D 1H-{13C} HSQC. Given the structural 

similarities between both molecules, only few differences between both 1D 

1H spectra can be observed. Proton resonances 2 and 3 are overlapping in 

the spectrum of OLAc, while in the spectrum of OLAm, they are 

completely resolved due to the downfield shift of the proton resonances on 

the carbon next to nitrogen. Also, for OLAc, a small broad signal at 12 ppm 

Figure 3.2. Structural formula and 1D 1H spectra of OLAc (top) and OLAm (bottom) in 
toluene-d8 (†) at room temperature 

† 

† 
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is observed, typical for the carboxylic acid (COOH) resonance. For OLAm, 

we could expect a signal around 2 ppm for the amine NH2, but this is not 

observed in this reference sample. However, there is a small signal visible at 

0.5 ppm, indicating the presence of some residual water in the sample. This 

causes fast exchange between the amine protons and the water pool, leading 

to a single exchange averaged resonance at 0,5 ppm.  

Considering the spectrum of the AZO sample synthesized with both 

OLAc and OLAm and thus containing either one or both as capping ligand 

(figure 3.3), different observations can be made. First, all signals are severely 

broadened, indicating that the ligand(s) contributing to the spectrum is(are) 

bound to the AZO surface. Also, there is no additional free ligand pool, 

since no additional sharp signals are observed. This suggests that the 

ligand(s) is(are) bound at the surface (cfr. Chapter 2), which is also 

supported by DOSY measurements, vide infra. Second, resonances 1, 2, 4 

and 5 are assigned using their chemical shift value and 2D 1H-1H COSY and 

Figure 3.3. 1D 1H spectrum of AZO NCs with OLAc and/or OLAm ligands in toluene-d8 
(†) at room temperature. 

† 
ǂ 

† 

ǂ 

ǂ 
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2D 1H-{13C} HSQC. Resonance 3, corresponding to the α-CH2 is not 

observed, which is also what we expect from a resonance that is this close to 

the surface (cfr. Chapter 2). Third, no labile carboxylic acid (COOH) signal 

is observed between 8 and 15 ppm. This can be explained in three possible 

ways: first, it is possible that only OLAm is present and therefore this 

proton is simply not present. Second, OLAc could be bound as an oleate or 

third, this proton is not observed due to severe broadening since it is too 

close to the NC surface. Finally, some impurities are observed: 

dibenzylether at 7.0 and 4.8 ppm and hexanediol in the alkyl region; the 

resonances assigned to these impurities are denoted with ǂ in the spectrum. 

These organic moieties are used during synthesis and were not removed 

during work-up. The 1D 1H spectrum as such does not allow determination 

of the precise identity of the interacting ligand(s) on the surface. Either 

OLAm, or OLAc as an oleate or actually even OLAc as acid can (though 

highly unlikely), not be excluded as ligand from the 1D 1H spectrum data 

above.  

2D DOSY measurements are also conducted on the sample. Calculation 

of the diffusion coefficient is performed on the alkene signal using a mono 

exponential fitting (figure 3.4). A diffusion coefficient of 119.5 10-12 µm²/s is 

calculated, which matches a hydrodynamic diameter of 6.2 nm. This value 

is rather small when compared to DLS and TEM measurements, where a 

range of sizes is obtained around 10-15 nm. These measurements were 

however performed on different batches from those used for NMR study, 

which most likely explains the difference. Nevertheless, the mono-

exponential decay does support our hypothesis that the surfactant is bound 

to the surface and no free pool of ligand is present (cfr. chapter 2). 
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The 2D NOESY spectrum (figure 3.5) confirms ligand binding on the 

AZO surface, given the presence of large negative NOEs between the 

different OLAc and/or OLAm resonances. In figure 3.5 B, the NOE cross 

peaks from resonance 1 to resonance 2, 4 and 5 are indicated. In figure 3.5 

C, the NOE cross peaks from resonance 2 to resonance 4 and 5, and from 

resonance 4 to resonance 5 are indicated. Small positive NOEs are present 

between the hexanediol resonances indicating this is a small, non-

interacting molecule present in the sample (figure 3.6 C). In between the 

different dibenzylether resonances, no NOE cross peaks are observed. This 

is probably due to the small quantity present in the sample but this 

notwithstanding, it indicates that it does not interact with the NC surface.  

Combining all the observations from the first experiments, it can be 

concluded that the capping ligand is tightly bound to the AZO surface with 

no or slow exchange to a free molecular species in solution. The assignment 

of the capping ligand to both or either OLAc and OLAm is not possible 

Figure 3.4. Logarithmic decay curve of the signal intensity of the alkene signal during the 
DOSY measurement. 
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based on the current measurements solely. For the latter, a different 

approach was considered. 

3.3 Distinguishing OLAc and OLAm 

Both OLAc and OLAm are added during the thermal decomposition 

synthesis to control size and shape and provide colloidal stability. The basic 

sample that we studied was synthesized using OLAc and OLAm in 

equimolar quantities (cfr. synthesis). Both the exclusive use of OLAc or 

OLAm leads to low yields and unstable suspensions, preventing any useful 

NMR investigation. Thus, it remains to be established if both or either one 

ends up capping the AZO surface in the stabilized colloid.  

Figure 3.5. 2D NOESY spectrum of AZO NCs with OLAc and/or OLAm ligands in toluene-d8 at room 
               temperature, recorded with a mixing time of 300 ms. 
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To address this, a sample was prepared using stearic acid (SteAc) instead 

of OLAc, but keeping OLAm in the synthesis. SteAc was chosen as an 

alternative carboxylic acid for several reasons. First, the synthesis yield was 

found to be similar and a stable colloid was obtained. Second, it allows 

selective observation of OLAm since only the latter will contribute an 

alkene resonance (cfr. Chapter 2).  

In figure 3.6, the structural formula of stearic acid is shown together with 

the assigned reference spectrum in toluene-d8. This assignment was carried 

out using 2D 1H-1H COSY and 2D 1H-{13C} HSQC. Also, the 1D 1H 

spectrum of the AZO NCs synthesized with both SteAc and OLAm is 

Figure 3.6. Structural formula and 1D 1H spectrum of a reference sample of SteAc (top), of OLAm 
(middle) and of SteAc capped AZO NCs in toluene-d8 (†) (bottom) recorded at room temperature 

 

† 

† 

† 

† 

ǂ 

ǂ 
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shown. Several observations can be made from this spectrum. First, the 

signal intensities of OLAm are very small. This can be due to a loss of 

OLAm during work-up since it is not captured in the ligand shell, vide infra. 

Second, the signals of stearic acid are visible and are broadened, indicating 

interaction. Third, also large signals from residual toluene (7.09, 7.00, 6.98 

and 2.09 ppm) and dichlorobenzene (7.17, 7.05 and 4.40 ppm) are present 

in the spectrum. 

In the 2D NOESY spectrum (figure 3.7), no negative NOEs are observed 

from the small alkene resonance at 5.5 ppm, that is assigned as 1-OLAm, to 

the alkyl region. This is especially visible when focusing on the region from 

the alkene to the alkyl region, as in figure 3.7 C. The fact that no positive 

Figure 3.7.  2D NOESY spectrum of AZO NCs with SteAc and OLAm in toluene-d8 at room 
temperature, recorded with a mixing time of 300 ms 
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NOE cross-peaks are observed either between the OLAm resonances (as 

would be expected for a small molecule, cfr. Chapter 2) can be explained 

from the very low signal intensity of the alkene resonance, causing the 

already weak positive NOEs which build-up slowly to become unobservable. 

Based on this observation together with the small signal intensities of 

OLAm in the 1D 1H, it is concluded that OLAm is not present in the ligand 

shell of the AZO NCs and is almost completely removed during work-up 

(cfr. synthesis). In between the alkyl resonances 3 and 4 of SteAc on the 

other hand, strong negative NOEs are observed. This proves that SteAc is 

bound on the AZO NC surface. 

By performing a synthesis with SteAc instead of OLAc, we were thus 

able to determine that the amine is washed away during work-up and only 

the carboxylic acid is providing colloidal stability of the AZO NCs in the 

ligand shell. Furthermore, infrared analysis was performed on a suspension 

of AZO NCs capped with OLAc.1 In the spectrum, 2 carboxylate stretch 

vibrations are visible at 1500-1400 cm-1 which indicates that the OLAc is 

bound as a carboxylate, i.e. an X-type ligand (cfr. chapter 1).   

3.4 Dynamic behavior of OLAc on the AZO NC surface 

Once it was established that OLAc is the sole capping ligand in the final 

colloidal suspension of AZO NCs, the dynamic behavior of OLAc on the 

AZO NC surface could be studied. To do this, a sample was synthesized as 

described in section 3.1 with OLAc and OLAm. Afterwards, the sample 

was prepared for NMR and OLAc was gradually added to the sample in situ, 

while monitoring the sample with 1H NMR.  

Focusing on the alkene resonance of OLAc in the 1D 1H spectra 

recorded after each addition, several observations can be made (figure 3.8). 

First, the signal intensity of the resonance does not merely increase when 
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adding OLAc to the sample. Instead, a shoulder appears on top of the 

bound signal, on the right hand side. The chemical shift value of this 

shoulder does not match the chemical shift of the alkene resonance in the 

reference sample of OLAc in toluene-d8. Also, this shoulder shows no fine 

structure but is a rather broad signal. Monitoring the chemical shift value of 

the shoulder over several additions, it is observed that the chemical shift 

value of the shoulder peak gradually evolves towards that of free OLAc in 

toluene-d8, but does not reach it. This type of behavior has already been 

observed previously in our research group for a different system, namely 

CdSe NCs capped with OLAc, and the study of it was published in JACS17 

see also chapter 2. In this previous work, the dynamic behavior of the 

system is categorized as a two-step exchange (cfr. Figure 2.3). In the system, 

there are three pools of OLAc present. First, there is the bound OLAc on 

Figure 3.8. Stacked plot of 1D 1H spectra of OLAc capped AZO NCs after stepwise additions of 
OLAc in situ in toluene-d8, at room temperature (left). For good comparison, a graph is added that 

depicts the shift of ppm value of the shoulder towards that of free OLAc in toluene-d8 (right) 
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the NC surface. Second, part of the added OLAc is entangled in the ligand 

shell and third the other part of the added OLAc is free in solution. Between 

the latter two, a fast exchange exists, which is why only one peak is 

observed with a concentration dependent chemical shift value in between 

both. Between the entangled and the bound pool, a slow exchange is present. 

This explains why the bound resonance and the shoulder can both be 

observed separately. However, to make this conclusion based solely on the 

1D 1H spectra would be rather expeditious. Thus, we performed some 

additional measurements on the sample after the addition of extra OLAc.  

The first additional experiment was to record a NOESY to visualize the 

NOE cross peaks connecting the resonances of the added OLAc signal 

(figure 3.9). In the full spectrum and the zoom of cross peaks of the alkene 

resonances towards the alkyl resonances (figure 3.9 B), it is obvious that 

both the added and the bound signals of OLAc have strong negative NOEs 

between all their resonances respectively. This agrees with the previous 

observation that the added OLAc is not just free in solution, as weak 

positive NOEs would then be expected. If we zoom in on the alkene 

resonances (figure3.9 C), a strong negative cross peak is visible between the 

added and bound OLAc signal. However, since this peak connects two 

different molecular species, this can be explained from two different sources. 

Either there is a mutual proximity between both ligands allowing 

intermolecular NOE contacts to be generated, or they chemically exchange 

with each other, the likely source if the two step exchange model applies. 

Both possibilities are depicted in figure 3.10.  There is thus a clear need to 

distinguish between the NOE/exchange character. 
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Figure 3.9. 2D NOESY spectrum of OLAc capped AZO NCs in toluene-d8 with additional OLAc 
added in situ recorded at room temperature and with a mixing time of 300 ms (A), zoom on the cross peaks 

from the alkene resonances to the other resonances (B) and zoom on the alkene resonances of bound OLAc 
and the added OLAc (C) 

Figure 3.10. Cartoon of two possible interactions of the added OLAc with the capping 
OLAc derived from the cross peak in between the two alkene resonances. This cross peak 

can be either caused by mutual proximity or chemical exchange between both. 



Chapter 3 
 

54 
 

In order to determine the origin of the cross peak between the added and 

bound OLAc, a 2D ROESY spectrum was recorded. In contrast to NOESY, 

ROESY produces cross peaks with a different sign for ROE and exchange 

peaks allowing their discrimination, cfr. 2.6. ROE cross peaks from mutual 

proximity are always positive, even for large molecules. Negative cross 

peaks therefore can only arise from chemical exchange between the two 

molecules involved. In the 2D ROESY spectrum (figure 3.11), positive 

ROE cross peaks are observed between the different OLAc resonances of 

the bound pool on the one hand and the pool of added OLAc on the other 

hand. These peaks are rather weak, but this is due to the long mixing time of 

400 ms in which the intensity of the cross peaks already decays due to 

relaxation mechanisms acting during the spin lock. Between the alkene 

Figure 3.11. 2D ROESY spectrum of OLAc capped AZO NCs in toluene-d8 with additional OLAc 
added in situ recorded at room temperature and with a mixing time of 400 ms (A), zoom on the cross peaks 

from the alkene resonances to the other resonances (B) and zoom on the alkene resonances of bound OLAc 
and the added OLAc (C) 
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resonance of the added OLAc and the bound OLAc however (figure 3.11 C), 

a clear negative cross peak is observed, indicative of chemical exchange 

between the bound and added OLAc. Thus, the ROESY spectrum 

effectively demonstrates that OLAc molecules exchange between the bound 

surface state and a non-bound state on a timescale on the order of at most a 

few hundred ms. 

These observations together with the 1D 1H spectra lead to a total 

dynamic description of the system. Apparently, OLAc is tightly bound to 

the AZO NCs but can be exchanged by additional OLAc in the sample. 

This added OLAc is in fast exchange between two states, free in solution 

and entangled in the ligand shell, as was already studied by our groups in 

previous published research, vide supra. For our system, the dynamic 

behavior is schematically illustrated in figure 3.12. 

 

 

3.5 Conclusion 

Our NMR study on AZO NCs synthesized using both oleic acid and 

oleylamine revealed the role of both surfactants in the final stabilized colloid. 

Oleic acid is capping the AZO surface as an oleate, while oleylamine is 

mostly washed away during work-up.  

Figure 3.12. Cartoon of the two-step exchange mechanism of the OLAc capped AZO NCs 
with added OLAc 
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If more oleic acid is added to the colloid, a two-step exchange system 

initiates. The added oleic acid is in fast exchange between two states: free in 

solution or entangled in the ligand shell. These entangled molecules in turn, 

are in slow exchange with the ones bound to the AZO surface, the latter 

indicative of the occurrence of a proton transfer involving the bound and 

entangled species. 
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4 
HAFNIUM-OXIDE 
NANOCRYSTALS 

In this chapter, the NMR toolbox is used to analyze 

the surface chemistry of HfO2 nanocrystals stabilized 

with both carboxylic acids and amines. The function 

of both surfactants in the stabilization of the NCs 

was studied. Moreover, the surface reaction occurring 

during the surface stabilization was fully elucidated 

using NMR, providing a new insight in the 

stabilization of metal oxide nanocrystal dispersions. 

This research was published in the Journal of the 

American Chemical Society.
1
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4.1 Introduction 

Metal oxide nanocrystals (MONCs) are an important class of 

nanomaterials with potential applications in medicine,2 (photo)catalysis,3,4 

gas sensing,5 magnetic applications,6 solar cells,7 transparent electrodes,8 

lithium ion batteries9,10 and light emitting diodes.11  Different synthesis 

strategies are possible, but a surfactant-free non-aqueous synthesis is known 

to be a chemically robust procedure with high yields.12 Using microwave 

heating, reactions are furthermore accelerated considerably.13,14 The 

obtained MONCs however, aggregate and are difficult to redisperse.12 A 

post-synthetic stabilization in a nonpolar solvent is a good approach to solve 

this problem. Several different approaches and recipes are suggested in 

literature, indicating a lack of rationalized design of surface modification of 

MONCs. An in-depth understanding of the surface chemistry during all 

stages of synthesis and functionalization would allow for more intelligent 

design of surface modification schemes.  

Here, the stabilization of Hafnium Oxide NCs was studied. Starting from 

the observation that two types of surfactants are needed for their 

stabilization, cfr. Chapter 3, a thorough NMR study allowed us to 

rationalize the surface chemistry of these materials. Again, NMR proves to 

be a very useful analysis technique in this research field since it allows the 

elucidation of the phenomena involved in the surface chemistry.   

The synthesis route can be depicted in a very simplified manner as shown 

in figure 4.1. This synthesis proceeds via an established microwave-assisted 

solvothermal process which was slightly modified and was executed by 

Jonathan De Roo, a PhD student from the SCRiPTS inorganic chemistry 

group.1,13 First, 0.5 ml of dibenzylether is added to 0.4 mmol of hafnium 

chloride under vigorous stirring. Then quickly, 4 ml of benzyl alcohol is 

added and it is left to stir for 5 min. This solution is subjected to microwave 
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heating: 5 min at 60°C and 3h at 220°C. Afterwards, 3 ml of diethylether is 

added, yielding two separate phases. The organic phase is first removed and 

ethanol is added to the aqueous phase. Finally, for stabilization, the particles 

are redispersed in chloroform and 0.2 mmol of fatty acid is added to the 

milky suspension. Under stirring, also amine is added until a colorless and 

transparent suspension is obtained. Prior to NMR analysis, this suspension 

is further purified in a work-up procedure using a non-solvent (acetonitrile, 

acetone) and finally redispersed in a suitable deuterated solvent for NMR.  

4.2 Characterization of the nanocrystal surface  

In order to determine the role of both surfactants, the stabilization of the 

particles was done using dodecanoic acid (DDAc) as fatty acid and 

oleylamine (OLAm) as amine. Reference spectra of both molecules are 

depicted in figure 4.2. As can be observed from these spectra, the amine can 

be easily followed with 1H NMR by following its alkene resonance at 5.5 

ppm.  

Two samples were measured, one that was only purified once (figure 4.3 

A) and another that was purified 5 times (figure 4.3 B). First of all, it can be 

said that in the less purified sample, resonances of both OLAm and DDAc 

are observed. After 5 purification steps however, the spectrum is devoid of 

resonances of OLAm and only strongly broadened resonances are present in  

Figure 4.1. Schematic, simplified depiction of the synthesis and postsynthetic stabilization of HfO2 NCs. 
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Figure 4.2. Structural formula and reference spectrum of OLAm (bottom) and DDAc (top) in 

CDCl3 at 298.2 K 

Figure 4.3. 1D 1H spectrum of HfO2 NCs stabilized with OLAm and DDAc in CDCl3 after 

one (A) and five consecutive purification steps (B). The intensity of spectrum B was multiplied 8 

times with respect to that of spectrum A 
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the alkyl region. Given the lack of OLAm resonances around 5.5 ppm and 

2.8 ppm, it is concluded that these broadened alkyl resonances are from 

DDAc that is bound to the HfO2 surface.  

  For more information on the ligand binding, 2D DOSY and NOESY 

were recorded on both samples. Considering first the 5-fold purified sample, 

that only contains DDAc, a diffusion coefficient of 77.1 ± 0.4 µm²/s could 

be extracted from the mono-exponential decay of the methyl resonance 

during the DOSY measurement. This corresponds to a hydrodynamic radius 

of 10.5 nm (using the Stokes-Einstein equation), which is in fairly good 

agreement with results from DLS analysis in chloroform, figure 4.5. Also, 

clear negative NOE cross peaks are observed between the different DDAc 

resonances (figure 4.4 B). The DOSY measurement of the sample after one 

purification on the other hand reveals a diffusion coefficient of 323.9 ± 0.2 

Figure 4.4. 2D NOESY of the HfO2 suspension stabilized with OLAm and DDAc after 1 (A) 
and 5 (B) consecutive purification steps 

A B 
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µm²/s for OLAm (obtained from the decay of the alkene resonance at 5.5 

ppm), which is a value that does not match with a value for the 

hydrodynamic radius of the HfO2 NCs, nor with a value of free OLAm in 

CDCl3 (≈ 864 µm²/s). Rather, it represents an averaged value indicating 

presence of exchange between free and entangled OLAm under fast 

exchange conditions on the diffusion time scale. The 2D NOESY of the 

sample also exhibits large negative NOE cross peaks connecting the different 

OLAm and DDAc resonances respectively (figure 4.4 A). These NOESY 

and DOSY results are typical for an entangled ligand in the ligand shell, cfr 

Chapter 2. It is concluded that OLAm is entangled in the ligand shell of 

DDAc capped HfO2 NCs and is in a fast dynamic exchange with OLAm 

free in solution, which explains the ability to completely wash away OLAm 

following repeated purification cycles. OLAm is apparently not necessary as 

a capping ligand in providing stability to the HfO2 NCs. This study however, 

only provides information on the surface composition after stabilization and 

purification. To get more insight in the stabilization procedure itself and the 

necessity of the amine in the process, a titration of both surfactants was 

performed (vide infra).  

 

 

 

 

 

Figure 4.5. Size distribution by DLS of HfO2 NCs dispersed in either ethanol 
(as-synthesized) or chloroform (5 times purified suspension) 



    Hafnium-Oxide Nanoparticles  

63 
 

4.3 Binding mode of the carboxylic acid  

First, the binding of the acid on the HfO2 NCs after stabilization and 

thorough purification was studied. Since it is clear from the above that 

OLAm can be washed away completely during purification, stabilization of 

the HfO2 NCs was in this case done with OLAm and OLAc instead of 

DDAc since OLAc is more conveniently followed using 1H NMR. This 

means that the resonances in figure 4.6 B can be assigned to OLAc solely. 

Since only one set of broadened resonances is visible, this also means that all 

the OLAc is bound to the HfO2 surface. In order to get some information on 

the binding mode additional OLAc was added to the sample. One 

equivalent was used with respect to the bound OLAc. The resulting 1D 1H 

spectrum is shown in figure 4.6 A. With respect to the previous spectrum, an 

additional set of resonances appears on top of the broadened ones. These are 

Figure 4.6. 1D 1H spectrum of OLAc capped HfO2 NCs in CDCl3 (B) with an added excess 

of OLAc (A) 
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less broadened and slightly shifted towards the chemical shift of free OLAc. 

This second set of resonances indicates that the added OLAc is not bound 

on the surface. To gain more information, a 2D NOESY was recorded 

(figure 4.7). In the 2D NOESY two sets of large negative cross peaks exist, 

one between the broad and the additional OLAc resonances respectively and 

in addition mutual intermolecular cross peaks are visible between 

resonances of both pools. This means that the added OLAc is entangled in 

NC capping layer. The cross peak observed between the bound and 

entangled OLAc (figure 4.7 C) can have two origins, as explained in chapter 

2. Either it is coming from close spatial proximity, generating a NOE, or it is 

caused by chemical exchange, due to a swap from bound to entangled and 

vice versa. To distinguish between both, a 2D off resonance-ROESY was 

recorded (figure 4.8). In this spectrum, the NOE cross peaks are all positive 

but exchange peaks will remain negative in sign compared to positively 

phased diagonal peaks. Looking at the cross peak between the bound and 

entangled OLAc with 2D ROESY (figure 4.8 B) this is a negative and 

therefore chemical exchange cross peak. Summing up all the observations, it 

can be stated that these HfO2 NCs capped with OLAc exhibit a similar 

dynamic ligand-surface interaction as found in OLAc capped CdSe NCs 

synthesized by hot injection methods.15 This is a two-step dynamic ligand 

exchange, as explained in chapter 2.1, where the ligands are in fast exchange 

between the free and entangled mode and in slow exchange between the 

entangled and bound mode.   

Using simple 1D 1H NMR spectra as such, there is no possibility to tell 

whether the oleic acid on the HfO2 surface is bound as a carboxylic acid or 

as a carboxylate. This is due to the putative carboxylic proton being too 

close to the surface and therefore being undetectable due to excessive line 

broadening (cfr. Chapter 2). However, a procedure involving the use of a 
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Figure 4.7. 2D NOESY of OLAc capped HfO2 NCs in CDCl3 with an excess of OLAc (A), zoom 
on the NOE cross peaks from the alkene resonances to the alkyl region (B) and zoom on the alkene 

region with a cross peak between the bound and added OLAc (C) 

A B C 

Figure 4.8. 2D off resonance-ROESY of OLAc capped HfO2 NCs in CDCl3 with an excess of 
OLAc (A), zoom on the alkene region with an exchange cross peak between the bound and added 

OLAc (B) 

A B 
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deuterated carboxylic acid, previously developed within our research 

groups, can be used to answer this question.15  First, deuterated OLAc-d1 

was prepared. This is done according to the procedure found in the 

supporting information of the published article.1 First, sodium oleate (100 

mg, 99% pure) is dissolved in a DCl/D2O mixture (50 µl DCl (99 atom % D) 

in 2.0 ml D2O (99.97 atom% D)), followed by a phase transfer of the formed 

OLAc-d1 to cyclohexane-d12 (500 µl – 99.6% atom% D). The organic phase 

was separated from the aqueous phase in an O2 and H2O free glove box. 

This was considered the OLAc-d1 stock solution. Considerable efforts were 

made during these experiments to prevent any water contamination of the 

NMR tubes or solvents since this would directly impact the experimental 

results. In order to prevent this, the NMR tubes and the OLAc capped HfO2 

NC suspension were put in the glove box 48 h prior to the experiment. No 

water resonance was observed in either spectra.  

First, 30 µL of d1-OLAc hexane solution was added to 490 µL CDCl3. 

The concentration of OLAc was determined via the ERETIC method to be 

12.14 mM in the NMR sample which means the real concentration in the d1-

OLAc stock solution was:  

𝑐𝑂𝐿𝐴𝑐 =
12.14 𝑚𝑀 × 520 µ𝐿

30 µ𝐿
= 210 𝑚𝑀 

The degree of deuteration was determined from the residual carboxylic 

acid signal. When the integration of the alkene resonance was set to 2, the 

integrated value of the carboxylic acid 1H resonance was 0.0766. Thus 

7.66 % of oleic acid molecules still have a proton and consequently 92.34 % 

is deuterated. This gives an overall concentration of d1-OLAc in the d1-

OLAc stock solution of 210 x 0.9234 = 194 mM.  
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Second, 600 µL of the HfO2 NC stock solution was measured and the 

concentration of bound OLAc was determined to be 12.87 mM.  

In the third and final experiment, 450µL of NC stock solution was 

combined with 150 µL of the OLAc-d1 stock solution. The sample thus 

contains: 

450 µ𝐿 × 12.87 𝑚𝑀 = 5.79 µ𝑚𝑜𝑙 𝑏𝑜𝑢𝑛𝑑 𝑂𝐿𝐴𝑐 

150 µ𝐿 × 210 𝑚𝑀 = 31.5 µ𝑚𝑜𝑙 𝑒𝑥𝑐𝑒𝑠𝑠 𝑂𝐿𝐴𝑐 

𝑡ℎ𝑖𝑠 𝑎𝑚𝑜𝑢𝑛𝑡𝑠 𝑡𝑜 37.29 µ𝑚𝑜𝑙 𝑡𝑜𝑡𝑎𝑙 𝑂𝐿𝐴𝑐 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒   

31.5 µ𝑚𝑜𝑙 × 0.9234 = 29.09 µ𝑚𝑜𝑙 𝑑1 − 𝑂𝐿𝐴𝑐 

31.5 µ𝑚𝑜𝑙 − 29.09 µ𝑚𝑜𝑙 = 2.41 µ𝑚𝑜𝑙 ℎ1 − 𝑂𝐿𝐴𝑐 

The experimentally observed concentration (derived from the carboxylic 

acid signal at 12 ppm) of protonated ℎ1 − 𝑂𝐿𝐴𝑐 relative to the total 

concentration of oleic acid molecules (from the alkene resonance) was 

[H]/[OAc] = 18.6 %.  

Theoretically, the expected ratio for the situations when either there are 

or are no protons on the surface can also be calculated.  

HfO2.R1COO + R2COOD ⇌ HfO2.R2COO + R1COOD        (1) 

HfO2.R1COOH + R2COOD ⇌ HfO2.R2COOD + R1COOH   (2) 

If there are no protons on the surface, the only protons that will be visible 

are the ones from the incomplete deuteration: 2.41 µmol. So the ratio would 

be 

[𝐻]

[𝑂𝐿𝐴𝑐]
 =

2.41 µ𝑚𝑜𝑙 𝐻

37.29 µ𝑚𝑜𝑙 𝑡𝑜𝑡𝑎𝑎𝑙 𝑂𝐿𝐴𝑐
= 6.5 % 
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If there are as many protons on the surface as there are bound OLAc then 

the total amount of protons would be: 5.79 + 2.41 = 8.2 µmol. However, not 

all these protons will be present in solution, they will be stochastically 

distributed among all the OLAc molecules, bound (i.e. invisible proton) and 

not bound (i.e. visible protons). Thus the amount of visible protons will be 

8.2 ×
31.5

37.29
= 6.93. This results in a ratio:  

[𝐻]

[𝑂𝐿𝐴𝑐]
 =

6.93 µ𝑚𝑜𝑙 𝐻

37.29 µ𝑚𝑜𝑙 𝑡𝑜𝑡𝑎𝑎𝑙 𝑂𝐴𝑐
= 18.57 % 

Experimentally, a value of 18.6% is found, which is almost identical to 

the value calculated for a situation where there are as many protons near the 

surface as there are bound OLAc. These results are also depicted in figure 

4.8 A. Based on this information alone, it would be expected that OLAc is 

bound as a carboxylic acid –COOH. However, infrared spectroscopy 

contradicts this. The infrared spectrum of DDAc capped HfO2 NCs is shown 

in figure 4.9 B. This lacks any carboxylic acid C=O absorption, which is 

expected at 1710 cm-1. It does contain a carboxylate peak at 1548 cm-1 and a 

broad band around 3388 cm-1, typical for a hydrogen-bonded O–H and not a 

Figure 4.9. Ratio of the proton concentration and the OLAc concentration for the addition of 5 eq of 
OLAc-d1. The experimental and theoretical values that are dependent on the assumption of carboxylate or 
carboxylic acid on the surface are given. (A) ATR-FTIR spectrum of dried HfO2 NCs capped with DDAc 
(B) 
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COO–H. The small peak at 3670 cm-1 is attributed to single hafnol moieties, 

Hf−O−H. These results lead to the conclusion that hydrogen cations are 

present on the surface but directly bound to the HfO2 surface. This 

information together with the NMR experiments indicates that the 

carboxylic acid dissociates on the stoichiometric HfO2 NC surface, leading 

to the presence of both carboxylates and protons on separate binding sites.  

4.4 Role of the amine  

Since it was shown that the amine is fully washed away during 

purification, it is not clear what the role of the amine is in the stabilization. 

To determine the role of the amine during stabilization, a stabilization 

procedure was performed in situ in the NMR tube using 10-undecenoic acid 

(UDAc) and oleylamine (OLAm) since they both exhibit well-resolved 

specific resonances in the 1H NMR spectrum. Figure 4.10 shows the 

reference spectra of both UDAc and OLAm in toluene-d8. The unstabilized 

Figure 4.10. Reference spectrum of OLAm (bottom) and UDAc (top) in toluene-d8 at 298.2 K. 
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HfO2 NCs obtained after synthesis in CDCl3 are put in an NMR tube and, 

similar to the normal stabilization procedure, first the UDAc is added.  

Visually, it is clear that the suspension remains milky and is not stable. 

Also the 1D 1H spectrum (figure 4.11 A) and the 2D NOESY (figure 4.12 A) 

confirm that UDAc is not bound on the HfO2 surface but is still free in 

solution. Not only do the UDAc resonances appear sharp in the 1D 1H, also 

in the 2D NOESY spectrum no large negative NOEs are observed. On the 

contrary, only small positive NOEs and ZQC artefacts are present. After 

addition of 13 mM OLAm (10 mol% with respect to Hf), which visually is 

not sufficient to fully stabilize the suspension since it remains still a little 

cloudy, the resonances of OLAm are observed in the 1D 1H spectrum and 

all resonances appear a little more broadened (figure 4.11 B). Moreover, 

large negative NOEs are now observed between all the resonances of the 

UDAc and OLAm (figure 4.12 B) respectively, indicating that both UDAc 

Figure 4.11. 1D 1H spectrum of HfO2 NCs in CDCl3 with UDAc (A) and with UDAc and 

OLAm (B)  

A 

B 
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and OLAm interact with the NC surface.  

The nature of the interaction becomes clear from the DOSY 

measurements. The signal intensity decay of the UDAc resonance during 

the DOSY experiment is bi-exponential (figure 4.13 A), corresponding to the 

diffusion coefficient of free UDAc (842 ± 2 µm²/s) and that of bound UDAc 

(96 ± 6 µm²/s). The signal intensity decay of OLAm also displays a bi-

exponential behavior, with fitted diffusion coefficients 767 ± 61 µm²/s and 

307 ± 5 µm²/s. Only a very small fraction of the fast diffusing species is 

present and as a consequence its fitted value is less accurate. Slight 

deviations between data points and fitted curve seen at higher gradient 

strength can be attributed to a very small contribution of the tail of the 

neighboring slow diffusing signal of UDAc. However this will have no 

significant effect on the fitting. The slow diffusing species is assigned to 

Figure 4.12. 2D NOESY spectrum of HfO2 NCs in CDCl3 with UDAc (A) and with UDAc 
and OLAm (B)  

A B 
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OLAm in fast exchange between the bound and entangled state. Thus 

UDAc is bound to the surface while OLAm is present in the entangled state. 

It should be noted that UDAc is only partially bound since not enough 

OLAm was added to fully stabilize the particles.  

 

 

A 

B 

Figure 4.13. Signal intensity decay of UDAc, resonance 1, (A) and OLAm, resonance 5, (B) 

during the DOSY measurement of the HfO2 NCs with UDAc and OLAm in CDCl3 
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If we look back at the results of the purification experiments and combine 

them with these above, some new conclusions can be drawn. First, in figure 

4.3 from the purification experiment, the broad resonance present in the less 

purified sample around 7.5 ppm was tentavely assigned to an 

olyelammonium ion. Moreover, in the XRF spectrum of this sample 

chlorine was observed. Combining these results, oleylammoniumchlorine is 

probably present in the less purified sample. After the purification however, 

these compounds are no longer present. If we consider this together with the 

above observation that OLAm is only entangled in the ligand shell and not 

actually bound to the surface, it makes sence that the oleylamoniumchlorine 

and OLAm are present in the non-purified sample but get washed away 

easily during purification.    

4.5 Conclusion 

Combining the results of all the different experiments, a model of the 

overall reaction occurring during surface modification is presented in figure 

4.14. First, the amine captures a proton from the carboxylic acid. 

Subsequently, the carboxylate exchanges for the chloride. The chloride is 

paired with the ammonium compound in the ligand shell. This salt can be 

washed away when purifying the sample with non-solvents in the second 

step. The final HfO2 surface contains a dissociated carboxylic acid.  

Figure 4.14. model of the overall reaction occurring during surface modification of the HfO2 NCs 
using a carboxylic acid and an amine 
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From this model, it is clear that the amine is merely acting as a base 

during the stabilization process. In theory, any base would work, but in 

practice, the options are limited due to solubility and required basicity. This 

was tested with two other bases. Triethylamine proved to give the same 

results as oleylamine, pyridine on the other hand did not, most likely 

because it is too weak a base (pKa = 5.2).  

To conclude, using NMR analysis, we have elucidated the surface 

modification mechanism of HfO2 NCs synthesized via a surfactant-free non-

aqueous method. We showed that the use of both a carboxylic acid and an 

amine is necessary because of an acid-base reaction occurring at the HfO2 

surface. After stabilization however, the amine can be removed by a simple 

purification procedure together with the traces of chloride, leaving a clean 

surface. The carboxylic acids left on the HfO2 surface feature a similar 

dynamic behavior in solution as metal chalcogenides NCs stabilized with 

carboxylates described in chapter 2 and literature.16-18 However, a crucial 

difference between both is established since we have observed that the 

negative charge of the carboxylates on the HfO2 NCs is not balanced by an 

excess of cations but by protons that are adsorbed on different adsorption 

sites on the surface. It is concluded that the carbocylic acids can dissociate 

on the HfO2 surface, which is a new and fascinating result. The results can 

be extended to other MONCs also and were also validated for ZrO2 NCs by 

Katrien De Keukeleere, PhD student at the SCRiPTS inorganic chemistry 

group.19 
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5 

COPPER-INDIUM-SULFIDE 
NANOCRYSTALS 

 

In this chapter, the NMR toolbox is used to analyze 

the surface chemistry of CuInS2 nanocrystals capped 

with aliphatic amines. By expanding the toolbox with 

in situ high temperature NMR measurements, a 

straightforward approach is developed to distinguish 

L-type from X-type ligands. This careful distinction 

is important for a rationalized ligand exchange 

design. This work was published in Chemistry of 

Materials.
1
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5.1 Introduction 

Cu(In,Ga)(S,Se)2  nanocrystals (CIGS) are ternary I-III-VI2 type NCs. 

This new type of semiconductor could be an interesting substitute for the 

binary II-VI and IV-VI types since they are more environmentally friendly. 

Also, an additional advantage lies in the possibility to tune the band gap 

both by size, due to quantum confinement, and by increased possibilities to 

alter the composition. With promising properties for a variation of 

photovoltaic devices, the study of these types of materials has steadily grown 

over the last few years2-12, with the main focus on wet-chemical syntheses 

resulting in colloidal suspensions of CIGS NCs with capping ligands.  

In spite of this growing interest, there still exists a lack of information on 

the surface chemistry of as such synthesized CIGS NCs and the ligand 

exchange mechanisms involved. The importance of achieving a full 

understanding of the CIGS surface and dynamic ligand behavior should not 

be underestimated. In light of further development of post-synthetic 

processing of CIGS NCs towards applications, this understanding is crucial 

for devising a well-considered approach. Most characterization studies are 

based on photoluminescence results9,11, TEM images3,10,11 and XRD 

patterns12. Ligand exchange has been monitored solely by observation of 

phase transfer from an apolar to a polar phase13 or by indirect IR and TGA 

analysis14.  

The development and optimization of CIGS synthesis and its future 

applications are the subject of the PhD thesis of Ruben Dierick, PhD student 

at the PCN inorganic chemistry research group. Here, we focus on a full 

NMR characterization of OLAm capped CuInS2 (CIS) NCs. More 

specifically, we explored the ligand exchange from long-chain ligands 

towards different short-chain organic or inorganic ligands, this is required 
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for the applicability of these NCs. Given the conditions necessary for the 

exchange to precede required prolonged heating at 130°C, we tried to define 

the behavior of OLAm using in situ high-temperature NMR measurements. 

Finally, in literature, most synthesis methods make use of technical 

oleylamine (OLAm).3,8,15,16 As the varying and partly unclear composition of 

this technical OLAm represents a difficult to control variable, we repeated 

the experiments using high-purity octadecylamine to confirm our 

hypotheses. 

5.2 OLAm capped CIS – basic characterization 

Synthesis is conducted as described by Panthani et al. in literature and is 

schematically presented in figure 5.1.3 CIS NCs capped with oleylamine 

(OLAm) were prepared in by a heating procedure. Cu(acac)2 (1 mmol), 

In(acac)3 (1 mmol) and elemental S (2.05 mmol) are combined in a three-

neck flask. 2 ml OLAm (6.06 mmol) and 14 ml 1-octadecene (ODE) are 

added. Next, the flask is attached to a Schlenk line and flushed with nitrogen 

over the course of 1 h. The mixture is then heated to 240°C at 80°C/min 

using an infrared heating device while stirring vigorously. During this 

period, the precursors dissolve and form CIS NCs as indicated by a change 

in color from a brown heterogeneous to a clear black mixture. After 1h, the 

flask is cooled to room temperature using a water bath. Toluene and ethanol 

Figure 5.1. Schematic depiction of the synthesis and work-up procedure of CIS NCs. 
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are added to wash the CIS NCs, which are then separated using a centrifuge. 

The resulting NC pellet obtained after discarding the supernatant is 

redissolved in toluene and kept inside a water and oxygen-free glove box as 

a stock solution. In figure 5.2 a TEM micrograph is shown of the OLAm 

capped CIS NCs after synthesis. The anisotropic tile-shaped CIS NCs have a 

hexagonal top surface.  

For the NMR measurements, the sample is dried with a nitrogen flow 

and suspended in deuterated solvent. 20 µl of this suspension is used for UV-

VIS determination of the NC concentration and 600 µl is put in an NMR 

tube.  

Given the chemical structure of oleylamine (OLAm), the assignment of 

the reference spectrum of OLAm in toluene-d8 and of the OLAm capping 

ligands on the CIS NC surface is as depicted in figure 5.3. This assignment 

was carried out using 2D 1H-1H COSY and 1H-{13C} HSQC. Residual 

toluene resonances at 7.09, 7.00, 6.98 and 2.09 ppm are observed in the 

Figure 5.2 TEM micrograph of as-synthesized 

CIS NCs capped with OLAm 
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spectra. The first observations that can be drawn from the spectrum of the 

OLAm capped CIS suspension are a downfield chemical shift change and a 

broadening of the resonances. Resonance 3, i.e. the CH2 protons next to the 

amine functionality, is broadened so much that it becomes almost invisible. 

Furthermore, only one set of broad signals of oleylamine is visible, 

indicating a single species of oleylamine is present that is bound to the CIS 

NC surface, cfr. chapter 2.    

This was further supported by diffusion NMR studies. In figure 5.4 A, the 

fitting of the data points of the diffusion decay of the alkene protons 

(resonance 1) to a mono exponential decay is shown. While this is the best 

resolved resonance for analysis, cfr. chapter 2, the lower signal to noise ratio 

at high gradient strengths makes the fitting curve deviate from the data 

Figure 5.3. Structural formula of oleylamine, 1D 1H spectrum of a reference sample of 

oleylamine in toluene-d8 (top) and of oleylamine capped CIS NCs in toluene-d8 (bottom) 

† 

† 

† 

† 
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points and the error on the diffusion coefficient is somewhat increased  

(D=61.3 ± 2.2 µm²/s). Fortunately, the CH3 signal has a better signal to 

noise and is well-resolved. Fitting of the decay of this resonance gives a good 

result (figure 5.4 B): the calculated diffusion coefficient is 59.8 ± 0.2 µm²/s. 

Since the shape of the NCs was determined to be anisotropic with a 

hexagonal top surface, vide supra, the Stokes-Einstein equation we use here is 

Figure 5.4. Datapoints and mono exponential fitting curve of the decay of the 
signal intensities of the alkene resonance (A) and the CH3 resonance (B) of OLAm 

during the diffusion measurement of the OLAm capped CIS NCs in toluene-d8. 

A 

B 
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that for a disk moving at random (eq 5.1). Calculating the top surface 

hydrodynamic diameter, a value of 19.4 ± 0.1 nm is obtained. This value 

closely matches twice the CIS top surface edge (7.6±1.3 nm, calculated from 

TEM) increased by the thickness of the OLAm capping (≈2 nm on each 

side).  

𝑟𝐻 =
𝑘𝐵𝑇

12𝜂𝐷
      (𝑒𝑞 5.1) 

From the result of the diffusion study together with the 1D 1H spectrum, 

it can be stated that OLAm is tightly bound to the CIS NC surface. The 

NOESY spectrum confirms this statement (figure 5.5). Strong negative 

NOEs are observed between all the resonances of OLAm except for 

Figure 5.5. 2D NOESY of OLAm capped CIS NCs in toluene-d8 (A), zoom of the cross peaks from the 

alkene resonance (B), zoom of the alkyl region (C) recorded at room temperature with a mixing time of 300 ms 
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resonance 3, the latter due to excessive broadening of this resonance and 

consequently low intensity. In figure 5.5 B, the NOE cross peaks from 

resonance 1 to resonance 2, 4 and 5 are indicated. In figure 5.5 C, the NOE 

cross peaks from resonance 2 to resonance 4 and 5, and from resonance 4 to 

resonance 5 are indicated.  

This initial characterization of the OLAm capped CIS NCs proves that 

OLAm is tightly bound on the CIS NC surface and experiences no exchange 

mechanisms, cfr. chapter 2.  

5.3 OLAm capped CIS – Ligand behavior 

As said before in chapter 1 (1.3 surface chemistry), the various types of 

ligands binding to NC surfaces have been divided into three categories: X-, 

L- and Z-types.17,18 Previous studies on L-type ligands show that they usually 

possess a dynamic one-step ligand exchange behavior, cfr. chapter 2. Here 

however, the OLAm ligands capping the CIS surface were characterized as 

tightly bound ligands that exhibit no exchange at room temperature, vide 

supra. These amine capping ligands thus do not behave as previously studied 

L-type ligands that exchange easily at room temperature. Nonetheless, it is 

not expected that OLAm would behave as X-type ligand either. Given their 

distinct exchange behavior, it is expected that L-type ligands will self-desorb 

upon heating while X-type ligands on the other hand will never self-desorb, 

they will only desorb if a proton donor is present since a charged species 

would not be released in an apolar solvent. In order to classify the OLAm 

capping ligands on the CIS surface, a heating experiment was performed 

and monitored with 1H NMR in situ. When self-desorption occurs at high 

temperatures, the OLAm can be classified as tightly bound L-type, if not, it 

is an X-type ligand.  
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5.3.1 Technical considerations for high temperature measurements 

Since the temperature range that we aimed for was up to 150 °C in situ, 

the application of this type of experiments required a series of modifications 

and considerations for the experimental NMR setup. First, the solvent 

choice should be altered. Toluene-d8 or chloroform-d1, that are usually used 

as solvents for NMR measurements of NCs, are not possible since their 

boiling temperatures are too low (resp. 110 °C and 61 °C). As an alternative 

1,2-dichlorobenzene-d4 was chosen, with a boiling point of 181 °C. Second, 

equipment and probe-head heating should be avoided. To ensure this, a 

constant stream of air was pushed through the probe and the shim coil 

temperature was monitored constantly during measurements. This 

temperature should not exceed 60 °C in order not to damage the coil. Third, 

accurate temperature calibration is essential to extract relevant information 

from the experiments. Thus, the probe temperature was calibrated using the 

method of Findeisen et al.24 This method involves the measurement of a 

standard test sample of 4% methanol in methanol-d4 as “NMR-

thermometer” since a known temperature-dependent chemical shift is 

present between the OH-proton signal and the CH3-proton signal. 

 Since the NMR group of DOW Terneuzen already had experience in 

measuring polymers at temperatures up to 150 °C, the first measurements 

were executed on the NMR equipment at DOW itself in collaboration with 

dr. Mieke Lammens. Afterwards, with the obtained expertise, we altered the 

experimental set-up of one of our own 500 MHz magnets and performed the 

measurements in-house. The temperatures listed hereafter are those 

measured by the probe after the probe was externally calibrated according to 

the method mentioned above.    
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It is interesting to point out that while for our experiments, 150 °C was 

sufficient; the temperature range of in situ measurements could even be 

further extended by cooling the shim coils with cold nitrogen gas. Ultimately 

however, the maximum temperature range is determined by that of the 

probehead, which typically ranges to 150°C for standard room temperature 

probes. If higher temperatures are required, one should use a so called high-

temperature probe. Importantly, after reaching a higher temperature and 

before the measurement, the sample is tuned and matched and optimization 

of the shimming is performed. Also, a new 90° pulse is measured. 

5.3.2 High temperature measurements of OLAm capped CIS NCs  

First, a CIS NC suspension capped with OLAm ligands was heated to 

120 °C in steps of 20 °C. These measurements were initially executed at the 

facilities of DOW since they already had experience with measuring at high 

temperature. Figure 5.6 A depicts the full 1D 1H spectra at 25 °C and 

120 °C. Looking closely to the spectra, “shoulders” become visible on top of 

all the OLAm resonances at 120 °C. This is not the case for the 1,2-

dicholorbenzene-d4 resonances, therefore a shim problem can be ruled out 

aspossible source. Figure 5.6 B depicts a zoom of the alkene region of 

OLAm in consecutive steps of 25°C to 120 °C in steps of 20°C starting from 

40°C. In this overlay picture, it is clearly visible that the shoulder starts to 

arise around 80 °C and becomes more noticeable as temperature is further 

increased to 120 °C. This shoulder is attributed to a pool of self-desorbed 

ligands since it has the typical appearance of entangled ligands in the ligand 

shell, cfr. chapter 2. 

In the first experiment, heating was performed very gradually and the 

time between starting the measurements at room temperature and reaching 

120 °C was app. 7 hours. To see whether time plays a crucial role in this 
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desorption of OLAm, a new sample was heated in 1 hour to 130 °C and kept 

at that temperature for 3 hours while recording several 1Ds (figure 5.7) and a 

2D NOESY (figure 5.9).   

Figure 5.6. Spectra of OLAm capped CIS NCs in 1,2-dichlorobenzene-d4 at 25 °C and 
120 °C (A) and zoom of the alkene region at different temperatures (B) 
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From the overlay of the different 1D 1H spectra, several observations can 

be made. First, it is clear that at 130 °C a shoulder is present from the start, 

i.e. one hour after starting to heat the sample. After reaching 130°C 

however, this shoulder still grows steadily during the measurement. Since 

the recording of consecutive 1D 1H spectra was interrupted for a 2D 

NOESY experiment in this experiment, another experiment was performed 

in which the sample was also heated directly (this took app. 90 min) from 

25 °C to 130 °C and kept there for 3h while continuously measuring 

quantitative 1D 1H spectra. A scatter plot of the integral value of the 

shoulder relative to the remaining broad signal of the OLAm alkene 

resonance is shown in Figure 5.8. Since this shoulder is attributed to self-

desorbed OLAm, the obtained percentage can also be said to be the 

percentage of self-desorbed OLAm relative to the entire pool of OLAm.  

From this plot, it is clear that at 130 °C OLAm slowly self-desorbs from the 

CIS surface. Also, within the time frame investigated there is no upper limit 

percentage detected at which this self-desorption goes to equilibrium.  

Figure 5.7. Spectra of OLAm capped CIS NCs  in 1,2-dichlorobenzene-d4 at 25 °C and 
130 °C at different times.  
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After the in situ heating measurements, a 1D 1H spectrum of the sample 

after returning to room temperature is measured (figure 5.10). When 

comparing this spectrum to the one recorded prior to heating, we observe 

that the signal has not restored completely. Instead, a small shoulder 

remains visible that is indicative for free OLAm. This means that not all 

OLAm that self-desorbed upon heating re-adsorbs on the surface, indicating 

that both desorption and adsorption are thermally activated.   

The 2D NOESY plot that was recorded at 130 °C with a mixing time of 

100 ms also contains important information. Clear negative NOEs are 

visible between the different bound OLAm resonances, as expected. 

However, no NOEs are observed between the desorbed OLAm resonances, 

as is evident from viewing the full spectrum A but even more so in the zoom 

of the alkene resonance in figure B. Furthermore, no exchange or NOE 

crosspeak is observed between the alkene resonance of bound OLAm and 

the desorbed OLAm. This means that the two molecules are not in mutual  

Figure 5.8. Scatter plot of the percentage of OLAm that desorbs from the CIS NC 
surface in function of time at 130 °C  
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Figure 5.9. 2D NOESY of OLAm capped CIS NCs in 1,2-dichlorobenzene at 130 °C (A), detail of the 
alkene NOEs to the alkyl region(B) and the alkene region (C) 

Figure 5.10. Spectra of OLAm capped CIS NCs in 1,2-dichlorobenzene-d4 at 25 °C before 
(black spectrum)  and after (red spectrum) heating  
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proximity and that mutual chemical exchange, if present occurs on a 

timeframe considerably longer than 100 ms.  

With these high-temperature measurements, OLAm capping ligands on 

CIS NCs can be said to be L-type ligands that are tightly bound to the CIS 

NC surface. They do not exhibit a dynamic adsorption/desorption behavior 

at room temperature but desorb at higher temperatures without addition of 

other proton donors. This is in contrast to the L-type ligands that were 

characterized so far in literature.25 

5.4 ODPAc capped CdSe – Ligand behavior 

As stated above, the desorption of OLAm at high temperature from the 

CIS NC surface made us conclude that OLAm is an L-type ligand because 

X-type ligands would not desorb upon heating only. To further substantiate 

this proposal, a well-known X-type ligand was tested, octadecylphosphonic 

acid (ODPAc) and used to cap CdSe NCs.26 This sample was purified and 

Figure 5.11. Structural formula of ODPAc, 1D 1H spectrum of a reference sample of 
ODPAc  (top) and of ODPAc capped CIS NCs (bottom) in 1,2-dichlorobenzene 
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suspended in 1,2-dichlorobenzene-d4 for the in situ temperature 

measurement. The 1D 1H spectrum of an ODPAc reference sample and of 

the ODPAc capped CdSe NCs in 1,2-dichlorobenzene is shown in figure 

5.11. Figure 5.12 gives an overlay of the alkyl region during the in situ 

heating to 130 °C in steps of 20 °C. As stated before, this X-type ligand 

should not desorb during this experiment. Indeed, if we look at the CH3 

resonance at 0.9 ppm in particular, it is clear that there is no release of 

ODPAc from the surface since there is almost no change in the peak 

position and shape, while no additional signal appears on top of it. This 

clearly contrasts with the observations for the OLAm capped CIS NCs.  

To conclude, a method was developed that provides the ability to 

distinguish between X- and L-type ligands. These high temperature 

measurements therefore provide a very useful addition to the existing NMR 

toolbox.  

Figure 5.12.  Stacked plot of the alkyl region of ODPAc capped CdSe NCs in 1,2-dichlorobenzene-d4 
during the in situ heating experiment from 25 °C to 130 °C 
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5.5 OLAm capped CIS – Ligand exchange 

With the information obtained on OLAm binding on the CIS NC 

surface, ligand exchange design can now be performed. First, it is clear that 

exchanging OLAm with other ligands will require relatively high 

temperatures and successive exchange steps. Also, exchange will only be 

possible towards other L-type ligands.  

Exchange procedures were performed with dodecanethiol (DDT), an L-

type ligand and nonanoic adcid (NAc), an X-type ligand. These molecules 

are selected for their lack of alkene resonances, allowing to distinguish and 

monitor the OLAm species by 1D 1H NMR. This is shown in figure 5.13 

Figure 5.13. Reference spectrum of OLAm (bottom), DDT (middle) and NAc (top) in CDCl3 at 298.2 K 
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where the 1D 1H spectrum of reference solutions of DDT, NAc and OLAm 

in CDCl3 are depicted. For quantitation, the alkene resonance of OLAm is 

used as a measure for the OLAm quantity and the CH3 signal is used as a 

measure for the sum of OLAm and DDT or NAc respectively. From the 

difference between both, the amount of DDT or NAc can be derived.  

  As stated previously, the exchange procedure requires an excess of new 

ligand, relatively high temperature and has to be repeated several times for a 

good result. The procedure followed in our research is shown in figure 5.14, 

and this cycle is repeated three times.   

The results of these exchange tests are summarized in figure 5.15. The 

original ligand density of OLAm on the CIS NC is 5.1 /nm²; this was 

determined with a standard ERETIC measurement, i.e. a 1D 1H with 16 

scans, 4 dummy scans, a receiver gain set to 64 and a d1-delay of 30 sec. For 

better comparison, this value is normalized to 1 in the graph. After 

Figure 5.14. Depiction of exchange procedure followed, the cycle is repeated 3 times. 
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completing the exchange procedure to DDT, most of the OLAm is lost but 

surprisingly, the total ligand density derived from the integral of the methyl 

resonance increases to 8.72 /nm². This equals an increase of more than 60 % 

of the original surface coverage value. Thus more DDT is bound than 

OLAm is desorbed. Subsequent exposure to NAc further reduces the 

amount of OLAm and also brings down the total ligand density to 2.98 

/nm², which is about 60 % of the original ligand density. As mentioned 

before, these observations were somewhat unexpected since we did not 

expect the ligand density to increase when exchanging L- to L-type ligand. 

Moreover, L- to X-type exchange is something impossible and it was not 

expected that NAc would get exchanged at all.  

In order to understand the source of this unexpected exchange behavior, 

the Cu:In and S:In ratios were estimated based on a Rutherford 

Backscattering Spectroscopy (RBS) measurement. The Cu:In ratio was 

found to be 1.00 ± 0.04 and the S:In ratio was found to be 1.54 ± 0.12. 

Figure 5.15. Plot of the normalized ligand densities of CIS-OLAm and after the 
consecutive exchange to DDT and NAc 
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From these results, it can be concluded that OLAm capped CIS NCs are 

cation rich with a net ratio of the formal cation to anion charge of 1.30 ± 

0.10. However, this net formal charge should be balanced to zero, meaning 

that X-type moieties are probably also present on the surface. Since they do 

not have any observable resonances in the 1D 1H spectrum, these are most 

likely small moieties, such as OH- or acetylacetonate that was used during 

the synthesis, vide supra. Their resonances will not be visible due to severe 

broadening caused by their close proximity to the surface.    

For additional confirmation of the initial presence of X-type moieties on 

the OLAm capped CIS, an exchange to undecenoic acid (UDAc) was also 

executed. UDAc has two distinct alkene resonances that do not coincide 

with the alkene resonance of OLAm. In addition, it does not contribute and 

end methylgroup, as this position is taken by the alkene group. Both features 

allow better monitoring of the individual ligand’s behavior. In figure 5.16 

Figure 5.16. Reference spectrum of OLAm (bottom) and UDAc (top) in toluene-d8 at 298.2 K. 
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the reference 1D 1H spectra of OLAm and UDAc in toluene are shown for 

comparison.  

 In figure 5.17 the spectrum of OLAm capped CIS NCs before and after 

exchange to UDAc is shown. In the 1D 1H spectrum after exchange, 

additional resonances from UDAc are present and they are also broadened, 

suggesting that UDAc is indeed also bound to the NC surface. This is 

confirmed with a DOSY measurement. The decay of resonance 1 of UDAc 

that is relatively well resolved at 5.1 ppm shows a bi-exponential behavior, 

with a small diffusion coefficient of 38.7 ± 2.1 µm²/s (figure 5.18 A). This is 

more or less the same value as for the slow diffusing component in the bi-

exponential decay of the OLAm CH3 resonance which is 35.6 ± 0.1 µm²/s 

(figure 5.18 B). 

Figure 5.17. Spectrum of OLAm capped CIS NCs in toluene-d8 before (top) and after exchange to UDAc 

(bottom) 
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5.6 ODAm capped CIS – Ligand behavior 

The OLAm used in the standard synthesis is technical grade OLAm, 

which is probably the cause of the appearance of additional X-type moieties. 

To prove that the amine ligands bound on CIS NCs are tightly bound L-type 

ligands, synthesis was adjusted and pure grade 1-octadecylamine (ODAm) 

was used. In figure 5.19 a reference spectrum of ODAm and ODAm capped 

CIS NCs in 1,2-dichlorobenzene-d4 is shown. From these 1D 1H spectra, it 

is already clear that 1-octadecylamine is also bound to the CIS NCs surface. 

Additional confirmation of this binding is obtained by recording both 2D 

NOESY and 2D DOSY spectra. With a calculated disk top hydrodynamic 

diameter of 19.4 ± 0.1 nm, this is in good agreement with previous results 

for OLAm capped CIS NCs (see 5.2).  

Figure 5.18. Datapoints and bi exponential fitting of the diffusion decay of the UDAc resonance 1 at 5.1 ppm (A) 

and the OLAm CH3 resonance (B) 
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Next, a heating experiment with the ODAm capped CIS NCs (figure 

5.20) was performed. The sample was gradually heated in situ from room 

temperature to 130 °C. Looking closely at the spectra, it is observed that for 

both the CH2 and CH3 resonances, a shoulder arises upfield from the bound 

resonance upon heating. This shoulder is attributed to a part of the bound 

ODAm that is released upon heating. This result confirms that ODAm is 

also acting as a tightly bound L-type ligand that only releases upon heating. 

Since the purity of the analytical grade ODAm is much better than the 

technical grade OLAm used before, no X-type moieties are expected to be 

present on the surface. To check this assumption, an exchange procedure as 

shown in figure 5.14 for OLAm capped NCs was now also attempted with 

ODAm capped NCs towards both a thiol, L-type ligand, and a carboxylic 

acid, X-type ligand. The exchange towards a thiol is expected to work fine 

since this is an L-to-L type exchange, vide supra. For this exchange, 2-

Figure 5.19.  Structural formula of 1-octadecylamine, 1D 1H spectrum of a reference sample of 1-
octadecylamine in 1,2-dichlorobenzene-d4 (top) and of ODAm capped CIS NCs in 1,2-dichlorobenzene-d4 

(bottom) 
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phenylethanethiol (PET) was chosen as thiol because it exhibits aromatic 

resonances and can thus be monitored and quantified in the spectrum next 

to the original ODAm that only has alkyl resonances. Looking at the 

spectrum measured after the exchange towards PET (figure 5.21), the PET 

resonances are indeed broadened, meaning that PET is also bound on the 

CIS NCs and exchange is successful. Next to the broad resonances, also free 

PET is observed in the spectrum. This is due to minor work-up after the 

exchange.  

 

 

 

Figure 5.20. Zoom on the alkyl region of ODAm capped CIS NCs in 1,2-dichlorobenzene-d4 during the 
in situ heating experiment from 25 °C to 130 °C 
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In order to test whether X-type moieties are also present on the surface of 

these ODAm caped CIS NCs; an attempt was made to perform an exchange 

towards oleic acid (OLAc), an X-type ligand. The spectrum after ligand 

exchange does not show any bound nor free resonances of OLAc (figure 

5.22). This indicates that the X-type OLAc cannot exchange the L-type 

ODAm and as a result, it is fully washed away during work-up procedure. 

This is in good agreement with the theory of ligand exchange (figure 5.6) 

and shows that the amines bound on CIS NCs are indeed L-type ligands and 

that no X-type moieties are present on the surface of these ODAm capped 

CIS NCs. Thus, to avoid the former, analytical grade amines are preferred 

over technical grade ones.  

 

Figure 5.22. Structural formula of oleic acid, 1D 1H spectrum of a reference sample of OLAc 
(top) and of ODAm capped CIS NCs after exchange procedure towards OLAc (bottom) in 1,2-
dichlorobenzene-d4 at 298 K. 

Figure 5.21. Structural formula of 2-phenylethanethiol, 1D 1H spectrum of a reference 
sample of 2-phenylethanethiol (top) and of PET capped CIS NCs after exchange (bottom) in 
1,1,2,2-tetrachloroethane-d2 
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  5.7 Conclusion 

In this chapter, the surface chemistry of CIS NCs synthesized using 

amines was analyzed and possible ligand exchange strategies were explored. 

Using the NMR toolbox for nanocrystals (see chapter 2) and expanding this 

toolbox with in situ heating experiments, we concluded that the surface of 

as-synthesized CIS NCs consists of L-type, tightly bound amines. 

Importantly, these in situ heating NMR measurements provide a new 

straightforward approach to distinguish L-type from X-type binding ligands. 

Desorption of an L-type ligand becomes apparent by the apparition of 

additional resonances while for X-type ligands no change is apparent in the 

spectra, indicating the absence of desorption. For technical grade OLAm 

that is typically used during CIS synthesis, we showed that this leads to non-

Figure 5.22. Structural formula of oleic acid, 1D 1H spectrum of a reference sample of OLAc 
(top) and of ODAm capped CIS NCs after exchange procedure towards OLAc (bottom) in 1,2-

dichlorobenzene-d4 at 298 K. 
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stoichiometric NCs capped with a combination of L-type OLAm and X-type 

impurities. This is an important result since it demonstrates the importance 

of a careful surface analysis prior to ligand exchange. For the synthesis with 

analytical grade ODAm, tight L-type binding was illustrated. This was 

demonstrated by performing ligand exchange reactions towards acids (X-

type) and thiols (L-type), where only the thiols could be found on the surface 

after several ligand exchange steps.  
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6 

HYDROXYAPATITE 
MICROPARTICLES 

In this chapter, hydroxyapatite microparticles that are stabilized using amino 

acids are studied using NMR. For our research interests, this new kind of much larger 

particles provided an ideal opportunity to test and expand the NMR toolbox for 

micro-sized systems. Also, Saturation Transfer Difference measurements that were so 

far not used in this type of research were included. This work was published in 

Chemistry, A European Journal.1    
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6.1 Introduction 

Over the last few decades, the development of devices for controlled oral 

delivery of proteins and different drugs has attracted considerable interest 

because of the ease of administration and the reduced risks compared to 

parental administration.2-5 However, there are still several challenges to 

surmount for delivering proteins or other vaccines orally. One such 

challenge is that proteins or peptides administered as is are poorly bio-

available. Various strategies have been proposed that should enhance the 

bio-availability of these drugs.6,7 When a protein is administered along with 

a microparticulate carrier for example, the antibody-mediated immune 

response could be enhanced.8,9 

Different carrier systems such as viral, recombinant protein, inorganic 

and polymeric carriers have been tested extensively over the past decades. 

Inorganic microparticulate carriers are interesting due to their 

biocompatibility, functionality, easier production and low cost. One 

example of such a material is HydroxyApatite (HA). The loading of bovine 

serum albumin (BSA, selected as model antigen) on HA powder was the 

topic of this study. Enhancement of the adsorption capacity of HA powder 

can be achieved by functionalizing the HA powder with linker molecules in 

order to increase the electrostatic or other kind of interactions with BSA. 

The HA surface has neutral or slightly negative charge in aqueous 

suspensions at neutral pH, while BSA is negatively charged under these 

conditions. Two amino acid linker molecules (L-Arginine and L-Lysine) 

were selected in order to change the BSA loading. In each case, the carboxyl 

group is expected to react with the Ca2+ ions present on the HA surface10 

which leaves the amino group available and positively charged at 

physiological pH for further reactions with BSA. In addition to the 
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quantification problem, little information was available regarding the 

interaction between HA and the amino acid molecules, posing a new 

interesting opportunity to test and expand the application of the NMR 

toolbox to larger microparticles. Indeed, up until now, the NMR toolbox 

was tested extensively and applied for a very wide range of nanomaterials in 

the 1 to 20 nm scale.11 This work was performed in collaboration with 

Vinayaraj Ozhukil Kollath, a PhD student at the University of Liège and 

also in collaboration with Steven Mullens, researcher at VITO. The results 

were published in Chemistry, A European Journal.1 

6.2 Materials  

The HA powder (complexometric assay > 90%, Merck, Germany) used 

in this study was not modified and has a specific surface area of 63 m²/g. 

The diameter of the particles varies from 50 to 200 nm but also agglomerates 

are formed. In figure 6.1 on the right, a Scanning Electron Microscope 

image of the powder is shown. On the left, a scheme of the unit cell of HA12 

is shown. The OH– groups in this crystal structure are ordered along the c-

axis. These hydroxyl protons give rise to a resonance at 0 ppm when studied 

with solid-state NMR.13  

Figure 6.1. left: scheme of unit cell of HA (from ref 12), right:SEM image of the HA 
powder 
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The linker molecules used and their chemical structures are shown in 

table 6.1. Samples were always prepared as follows. First a 38 mM solution 

of L-amino acid in D2O was prepared and put in a vial with a magnetic 

stirrer. Then, 0.1 g HA powder per 1 ml of D2O was added. The resulting 

suspension was stirred during 2.5 h. Subsequently, 500 µl of the suspension 

was transferred to an NMR tube for measurement. This milky suspension 

remained stable for over 24h, and thus also during the NMR experiments. 

As L-amino acids were used at all times, the stereochemistry will no longer 

be explicitly mentioned hereafter. 

Table 6.1. Chemical structures of the linker molecules used in this study, dissociation 

constants (pKa values) of ionisable groups on the linker molecules and calculated isoelectric 

points (IEP). 

 

pKa1 

(Cα-COOH) 

pKa2 

(α-C-NH3
+) 

pKa3 

(NH3
+) 

IEP 

L-lysine (lys)

 

2.2 9.2 10.7 9.7 

L-Arginine (arg)

 

2.0 9.0 12.1 10.8 

 

6.3 NMR study of L-lysine with hydroxyapatite in suspension 

The 1D 1H reference spectrum of L-lysine in D2O is shown in figure 6.2. 

In this reference spectrum, 5 distinct resonances are observed that can be 

assigned to the different non-exchangeable protons. While these 5 
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resonances appear at identical positions in the NMR spectrum of the lysine-

HA suspension (figure 6.3), they are all broadened and devoid of fine 

Figure 6.2. 1D 1H spectrum of a reference sample of L-lyisne in D2O at 298.2 K 

Figure 6.3. Comparison of the 1D 1H spectra of the hydroxyapatite suspension stirred with 
lysine for 2.5 h (red) and of the lysine reference sample (black) 
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structure. It is known that this broadening can be a result of slow tumbling 

of a bound ligand, resulting in a fast T2 relaxation (cfr. chapter 2). But in this 

sample however, the presence of much larger, micrometer sized HA 

particles in the solution causing variations in magnetic susceptibility across 

the sample should also be considered as a possible source of line-broadening 

(vide infra, 6.4).14 

  One means to establish whether broadening is due to a surface 

interaction or due to magnetic susceptibility effects is to assess the line 

broadening of resonances of a non-interacting ‘control’ species. Here, 

tetraethyl ammonium chloride (TEACl) was added to the dispersion. In the 

1D 1H spectrum (figure 6.4) it is visible that all resonances are broadened, 

including those of the control species. Therefore, broadening cannot by itself 

be seen as a proof of interaction with the surface but must at least be 

partially due to magnetic susceptibility effects. In this case, an alternative 

Figure 6.2. 1D 1H spectrum of the hydroxyapatite suspension stirred with lysine for 18h with 
TEACl (resonances marked with †) added afterwards as control species 
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approach to offer proof of interaction is afforded by recording a 2D NOESY 

spectrum (figure 6.5). In the 2D NOESY spectrum, cross-like cross peaks are 

observed between the CH2 and CH3 resonances of TEACl that come from 

the superimposition of weak positive NOEs typical for small molecules and 

ZQC artefacts (Chapter 2.2). This confirms the fact that TEACl is not 

interacting with the HA powder but is free in solution. The different lysine 

resonances however, are connected by large negative NOEs. In addition, 

they are of rather uniform intensity, indicating the action of spin diffusion as 

can be expected to be occurring from large particle dynamics. Both 

observations indicate that lysine interacts with the hydroxyapatite surface, 

which is an independent confirmation of what was reported previously from 

IR studies that are not discussed further here.1  

 

Figure 6.3. 2D NOESY spectrum of a suspension of L-
lysine-hydroxyapatite with TEACl added as a control species 
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 By consecutively precipitating and suspending the lysine-hydroxyapatite 

suspension several times, excess lysine was removed but a stable solution 

was still obtained. This solution was then used to determine an upper limit 

of the amount of lysine that is actually interacting with the hydroxyapatite 

surface by recording an ERETIC measurement. The amount of lysine 

adsorbed on the HA surface was subsequently calculated as being 1.5 10-5 

mol/g, which is very similar to the value obtained in a thermogravimetric 

analysis (1.4 10-5 mol/g). 

6.4 high resolution- Magic Angle Spinning (hr-MAS) 

    As mentioned before, a variation of the magnetic susceptibility in a 

sample with large solid particles can lead to significant line broadening. The 

principle of this can be explained as follows.  

When a sample in solution is placed in a homogeneous magnetic field 

H0, it acquires a magnetization M that is: 

𝑀 =  𝜒𝐻0 

With χ the magnetic susceptibility which is uniform across the sample. 

The magnetic induction B0 that is felt within the sample is therefore given 

by: 

𝐵0 = 𝜇0𝐻0 + 𝜇0𝑀 = 𝜇0(1 + 𝜒)𝐻0 

With μ0 the permeability of free space.  

In the case of a sample with large solid particles in it however, the 

magnetic susceptibility is not necessarily uniform across the sample and the 

B0 field might no longer be homogeneous: 

𝐵0
𝑠𝑜𝑙𝑖𝑑 = (1 + 𝜒𝑠𝑜𝑙𝑖𝑑)𝐻0 
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𝐵0
𝑙𝑖𝑞𝑢𝑖𝑑

= (1 + 𝜒𝑙𝑖𝑞𝑢𝑖𝑑)𝐻0 

This inhomogeneity will in his turn lead to significant broadening of the 

NMR signals as observed in the above results. This line broadening can be 

treated as a dipolar interaction between a sphere of magnetization M and the 

magnetic moment m of the spins in its surrounding at a distance r  which 

can be represented by:15 

𝐸 (𝑟) =
𝜇0

4𝜋

𝑀𝑚

𝑟
(1 − 3𝑐𝑜𝑠2𝜃) 

Importantly, the geometric factor (1 − 3𝑐𝑜𝑠2𝜃) is zero when θ is 54.7°, 

i.e. at the magic angle. At this angle, the dipolar interaction vanishes. 

However, the spins in a liquid sample will all have a different θ value which 

is time-dependant due to the rotational dynamics of the molecules in 

Figure 6.4. 1D 1H spectrum of a suspension of lysine-hydroxyapatite with TEACl as ‘control’ 
species, in a 5 mm normal acquisition at 500 MHz (top) and in a rotor spinning at 6000 Hz over 

the magic angle at 700 MHz (bottom) 
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solution. By rotating the sample around an axis oriented at 54.7° with 

respect to the B0 field any vector joining M and a particular magnetic 

moment m can be decomposed in two orthogonal contributions. One lies 

along the magic angle spinning axis and is invariant towards the sample 

spinning, while the other will be spinning in a plane perpendicular to this 

axis. On average, the latter will average to zero as it rapidly samples 360°. 

Therefore the only remaining contribution will behave, on average as if it 

were along the magic angle, where the geometric factor is zero. As such, hr-

MAS is a suitable technique to remove the effect of magnetic susceptibility 

inhomogeneities.   

Practically, we put 70 µl of the suspension in a rotor and measured the hr-

MAS measurements at 700 MHz in a 4mm high-resolution magic angle 

spinning probe. When comparing the spectrum that was recorded while 

rotating the sample along the magic angle at 6000 Hz with the regular 

spectrum (figure 6.5), all the resonances are clearly sharpened. It is not clear 

whether there is broadening left that can be said to be from interaction but 

since this was already shown by 2D NOESY, this is not so important to 

establish. Interestingly however, a very broad resonance appears around 0 

ppm in the hr-MAS spectrum. This resonance is probably the OH-resonance 

from the hydroxyapatite powder13 that is at the surface of this powder and 

becomes visible at this high spinning rate. To confirm that this resonance 

indeed belongs to the hydroxyapatite powder, a reference hr-MAS spectrum 

was recorded from a ‘suspension’ of only HA powder. HA does not stay in 

suspension but given the small volume needed in the rotor is fully enclosed 

by the detection coil and the fact that we would be spinning the sample 

anyway, we just made sure that enough powder was put inside the rotor to 

be able to observe the OH resonance. The resulting spectrum is shown in 

figure 6.7.  
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Indeed, in the hr-MAS spectrum of the hydroxyapatite powder as such, 

the same resonance appears around 0 ppm, confirming the assignment of 

this resonance to the OH of hydroxyapatite in our lysine-hydroxyaptite-

TEACl sample. The observation of this OH resonance brings along 

interesting possibilities to further investigate the interaction of lysine with 

the surface, which is explored in the next paragraphs.  

6.5 Saturation Transfer Difference (STD) NMR spectroscopy 

STD NMR spectroscopy has been used over the last few decades to study 

ligand binding to bio macromolecules, such as proteins.16,17 It can be used to 

study ligands that exchange between the bound and free state. The 

experiment involves the selective saturation of a resonance from one or 

more protons of the protein. This saturation will spread through the entire 

protein via spin diffusion eventually also reaching the ligand present in the 

Figure 6.5. hr-MAS spectrum at a spinning rate of 6000 Hz of a reference sample of the 

hydroxypaptite powder in D2O   
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binding site (figure 6.8). The rate at which the saturation is transferred to the 

ligand is determined by the dissociation rate koff and the protein-ligand 

complexation constant Kd. Even though the ligand may not be observable 

when bound, the fast exchange dynamics causes a release of the ligand and 

an exchange averaging of the various spectral properties such as chemical 

shift and line-width. By using an excess of free ligand the ligand becomes 

observable since the spectral properties become weighted towards those of 

the free state. Due to the saturation transfer however, the ligand resonance 

intensity will have been decreased in this so-called ‘on-resonance’ 

experiment to an intensity 𝐼𝑠𝑎𝑡,𝑜𝑛. Using an ‘off-resonance’ experiment, 

where the saturation is applied outside the frequency range of protein and 

ligand resonances alike, a reference spectrum with intensities 𝐼𝑠𝑎𝑡,𝑜𝑓𝑓, is 

obtained. The difference spectrum of both will show non-zero intensities 

only for resonances of the protein itself and of binding ligands, 𝐼𝑆𝑇𝐷 =

(𝐼𝑠𝑎𝑡,𝑜𝑓𝑓 − 𝐼𝑠𝑎𝑡,𝑜𝑛). Also, as is clearly shown in figure 6.8, protons in close 

contact with the protein will receive more saturation than protons that are 

more distant. As such, the relative 𝐼𝑆𝑇𝐷 values can provide information on 

how a ligand is bound to a protein surface.  

 

Figure 6.6. Representation of the STD experiment (adapted from ref 16). 
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 In our case, the presence of the OH– resonance of hydroxyapatite in the 

hr-MAS experiment provided an ideal opportunity to explore possibilities to 

map the interaction of lysine with the hydroxyapatite via an STD 

measurement. For the on-resonance experiment, a selective irradiation was 

applied at 0 ppm, which corresponds with the position of the OH resonance. 

The off-resonance irradiation was applied at -50 ppm, a value that is far 

from the frequency range of our resonances. The final STD experiments 

under hr-MAS conditions are shown in figure 6.9. First, a reference hr-MAS 

spectrum of the lysine-hydroxyapatite-TEACl suspension is shown in figure 

6.9A. Then, two STD measurements are shown, one experiment performed 

on a reference sample of lysine and TEACl but without hydroxyapatite 

powder (figure 6.9 B) to check whether the chosen irradiation frequency is 

Figure 6.7. 1D 1H spectrum of a suspension of lysine-hydroxyapatite with TEACl as ‘control’ 
species, in a rotor spinning at 6000 Hz over the magic angle at 700 MHz (A) STD spectrum of 
the same sample under the same hr-MAS conditions (C) STD spectrum of a lysine and TEACl 

reference suspension void of HA powder under the same hr-MAS conditions (B) 
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selective. This spectrum should not show any signals from the lysine and the 

TEACl since no resonance is present at 0 ppm. Indeed, in the spectrum, no 

signals are observed, only minor substraction artefacts, indicating that the 

experimental set-up is adequate. Finally, the same STD experiment was 

performed on the lysine-hydroxyapatite-TEACl suspension (figure 6.9 C). In 

this spectrum, small but nevertheless clear signals are visible from the 

different lysine resonances, which means that these signals have interactions 

with the –OH protons of hydroxyapatite. It should be noted that some very 

weak signals are also visible from the TEACl resonances. However, it was 

difficult to establish if these were real or rather substraction artefacts. As 

they are, in comparison, much weaker than those of the lysine and we did 

not expect any signal since it is known that TEACl does not interact with 

the hydroxyapatite (vide supra), we believe these should not be seen as 

indicative of a significant interaction. Also, given the very weak signal 

intensities, it was not possible to map the binding direction of lysine on the 

HA surface. More optimization of the STD experiment could provide even 

more insight but this was unfortunately beyond the time-frame of this PhD.  

 6.6 Conclusions 

The NMR toolbox developed for nanocrystals was successfully 

implemented and expanded for the study of HA microparticles stabilized by 

short amino-acid linker molecules. The interaction of L-lysine with the 

hydroxyapatite was demonstrated using 2D NOESY NMR and the amount 

of interacting lysine was calculated. For samples using L-Arginine instead of 

L-lysine to establish the stabilization of the hydroxyapatite powder, the 

same set of measurements was performed and the behaviour and main 

results were found to be identical (data not show).  
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Furthermore, the possibility of performing hr-MAS measurements on this 

type of suspensions was illustrated and broadening of the signals could in 

part be attributed to magnetic susceptibility effects. First steps were made 

towards the implementation of STD measurements on these dynamically 

stabilized microparticles. Promising results were obtained and further 

investigation should provide more insight.  
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For this PhD research, the starting point was the existing NMR toolbox 

that was developed for the study of nanoparticles by the PCN and NMR 

research group.1 Using this toolbox, some specific research questions were 

investigated and solved. At the same time, these presented opportunities to 

extend the NMR toolbox itself.  

As shown in chapter 3, the investigation into the stabilization procedure 

of Aluminium doped Zinc Oxide (AZO) nanocrystalss was a first research 

question that we were confronted with. Here, both oleic acid and oleylamine 

are added during synthesis to provide colloidal stability to the NCs. 

However, it was not clear why both a fatty acid and an amine were needed 

and whether they both ended up in the NC’s ligand layer or not. Since the 

spectral fingerprint of oleic acid (OLAc) and oleylamine (OLAm) on the NC 

surface cannot be distinguished using solely 1D 1H NMR, stearic acid was 

used as an alternative fatty acid. From this experiment, it could be 

concluded that the amine is washed away during work-up, while the fatty 

acid stabilizes the AZO NP by forming a ligand layer. Also, the dynamic 

behavior of the OLAc on the surface was studied.It was concluded that 

OLAc is tightly bound to the surface and exhibits a two-step exchange 

process with free OLAc when additional OLAc is added to the dispersion. 

This work was published in RSC Advances.2  

In chapter 4, a study of Copper Indium Sulfide NPs is reported. This 

project was conducted throughout the four years of my PhD, which gives an 

idea on the difficulties involved in obtaining a complete characterization. 

The CIS NPs are stabilized with oleylamine ligands, but preferably, these 

ligands should be exchanged to others afterwards. However, in order to 

design a proper exchange experiment, the dynamic behavior of the OLAm 

ligands on the CIS surface had to be understood. From a first 

characterization, we concluded that OLAm is tightly bound to the surface 
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and does not exchange at room temperature. This was quite unexpected 

since OLAm is usually referred to as an L-type ligand that has a dynamic 

ligand behavior. By monitoring the dispersions in-situ with NMR at high 

temperatures the dynamic behavior of OLAm could be revealed. Since 

temperatures above 100°C were required but never applied before in house, 

the possibilities and limitations of for achieving these temperatures and 

obtaining useful data on the NMR spectrometers were first explored. The 

first measurements were therefor conducted at the NMR facilities of DOW 

Terneuzen, were high temperature measurements are already more routine. 

After gaining more expertise, one of the 500 MHz spectrometers at UGent 

(Nestor) was set-up for high-temperature measurements up to 150°C. 

Applied to the system of interest, it was concluded that OLAm capping 

ligands on CIS NPs are L-type ligands that are tightly bound to the CIS NP 

surface. They do not exhibit a dynamic adsorption/desorption behavior at 

room temperature but desorb at higher temperatures without the 

involvement of other proton donors. In order to further confirm this 

conclusion, also a known X-type ligand was studied, namely 

octadecylphosphonic acid (ODPAc) capping ligands on CdSe NPs. Since 

this is an X-type ligand, we proposed that the difference with our L-type 

ligand should be that ODPAc will not desorb at higher temperature when no 

proton donors are available. Indeed, no desorption was observed at 

temperatures up to 130°C. Importantly, with these experiments, we 

established a new way to distinguish X- and L-type ligands, which represents 

an extension of the NMR Toolbox and could be helpful for future research.  

After establishing the dynamic behavior of OLAm at the CIS surface, an 

exchange procedure to replace this L-type ligand was set-up and tested. This 

exchange with dodecylthiol proved succesful. However, exchange with 

nonanoic acid and undecenoic acid, both X-type ligands was also 
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demonstrated. This was unexpected since L- to X-type exchange is in 

principle not possible. By combining the NMR data with those from 

Rutheford backscattering spectroscopy we could conclude that this exchange 

does not involve OLAm but is due to the presence of X-type species on the 

CIS NP surface, such as OH- or acetylacetonate that are used during 

synthesis but too small to be detected by NMR when tightly bound to the 

surface. The presence of these contaminants on the surface, we believed, 

should be avoidable by using pure grade octadecylamine instead of the 

technical grade oleylamine. Thus, the synthesis was repeated with ODAm 

and after a basic characterization and heating experiment that showed that 

ODAm is also bound to the CIS NP surface as an L-type ligand, two new 

exchange experiments were set-up. Indeed, the exchange to 

phenylethanethiol, an L-type ligand, was successful while this time the 

exchange to oleic acid, an X-type ligand, was not. This proved that the 

amine bound to the CIS NP surface is a tightly bound L-type ligand and 

exchange is only possible to other L-type ligands. Simultaneously it indicates 

that when X-type ligand exchange can be observed, the involvement of X-

type species at the NC surface should be considered. In this respect,the use 

of technical grade OLAm should be avoided since this results in the 

presence of other small and therefore undetectable X-type species on the 

surface that are not desirable and result in a different exchange behavior. 

This work was published in Chemistry of Materials.3 

In chapter 5, the study of Hafnium Oxide NCs capped with oleic acid 

ligands was presented. This study was conducted at the end of my PhD and 

while similar to the research on AZO NPs at the start of my PhD (chapter 3) 

since here also, metal oxides are studied that are synthesized using an amine 

and fatty acid. However, additional emphasis was placed on elucidating the 

molecular events involved in bringing about the stabilization, allowing a 
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much more in depth view of the processes involved that was enabled by the 

experience gained in studying such systems over the period of my PhD 

research. Thus, we focussed on why the amine is needed for the stabilization 

procedure when it can clearly be washed away afterwards. First, the HfO2 

NCs stabilized using dodecanoic acid and oleylamine were fully 

characterized after one and five consecutive purification steps. The latter 

confirmed that the amine is fully washed away after purification. After this 

confirmation of our previous findings on AZO systems presented in chapter 

3, the binding mode of the fatty acid on the HfO2 surface was further 

investigated. Therefore, the synthesis was repeated using oleylamine and 

oleic acid as capping ligands since the latter is more conveniently followed 

using 1D 1H NMR. First, it was concluded that OLAc is tightly bound to the 

HfO2
 surface and exhibits a two-step exchange mechanism when additional 

ligand is added. However, we were also interested in telling whether the 

OLAc was bound as a carboxylic acid or as a carboxylate. To determine 

this, a procedure was followed that was already used before in our research 

group, using deuterated oleic acid-d1.4 When this OLAc-d1 is added to a 

water-free OLAc capped HfO2 NC dispersion, the ratio of carboxylic 

protons versus the other resonances of OLAc is different for both cases. If 

OLAc is bound as a carboxylate, it will be desorbed after exchanging a 

deuterium and almost no carboxylic protons will be present. If however 

OLAc is bound as a carboxylic acid, it will be desorbed with its own 

carboxilic proton on it, resulting in a higher [COOH]/[OLAc] resonance 

ratio.  After comparing the experimentally obtained ratio to the theoretically 

calculated possibilities for both binding modes, we concluded that there are 

as many protons present on the surface as bound OLAc. However, the IR 

data contained a carboxylate absorption and no carboxylic acid absorption, 

indicating that the oleic acid is bound as a carboxylate. Combining these 

results, we concluded that oleic acid dissociates at the NC surface, 
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effectively binding the carboxylate form and H+ at the surface. The question 

remained why the amine that is washed away after stabilization is needed 

during synthesis. To answer this question, an experiment was set-up where 

the stabilization procedure of the HfO2 NPs was monitored in-situ with 

NMR using 10-undecenoic acid (UDAc) and oleylamine. Use of the latter 

generates a distinct alkene 1H fingerprint that is resolved from that of 

OLAm, allowing both species to be monitored. First, the UDAc was added 

and it was shown that the UDAc was now free in suspension and did not 

bind to the HfO2 surface. After adding OLAm however, the spectra showed 

that UDAc was now bound to the NP surface and OlAm was entangled in 

the ligand shell. The amine can be easily washed away afterwards. In 

conclusion, this research revealed some fascinating new insight in the 

mechanisms that take place at the HfO2 surface. First, the amine merely acts 

as a base that captures a proton from the carboxylic acid. The resulting 

carboxylate replaces a Cl- at the surface that is then captured by the 

ammonium compound and washed away. This leaves a HfO2 surface that is 

covered with H+ and carboxylate ligands. These results were published in 

the Journal of the American Society5 and are proposed to be applicable to 

other metal oxide NPs, such as for instance the AZO NPs in chapter 3.  

Finally, in chapter 6, the possibilities to extend the application range of 

the NMR toolbox – beyond semi-conductor or metalaoxide nanocrystals 

was explored. Here, sub-µm-sized hydroxyapatite powder used as an 

inorganic carrier for antigens in the body was involved. Previous study 

showed an improvement of the antigen loading when the HA powder was 

first covered with amino acid linker molecules, such as lysine and arginine. 

No characterization of this capping of amino acids on the HA powder was 

however present and we aimed at providing insight in this matter by 

applying and modifying the existing NMR experiments. First, with a basic 
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characterization, it was shown that the amino acid was indeed bound to the 

HA surface. Then, using hr-MAS, a technique that was not considered for 

this type of research before, it was possible to reveal the 1H resonance from 

the OH– groups present inside the HA lattice. With this OH resonance 

present, a Saturation Transfer Difference experiment appeared an interesting 

NMR technique to attempt here. STD experiments are used when studying 

the ligand binding on large bio macromolecules but were never yet applied 

on interactions between ligands and inorganic particles. In our first attempts, 

the STD experiments were positive for interaction of lysine with the HA 

surface, however no information could be obtained about the orientation of 

the binding or ligand. Having been performed at the end of the PhD project, 

more optimization of the technique is required. We could however conclude 

that lysine is present on the HA surface, while introducing new extensions of 

the NMR toolbox for the research of sub-µm particles. Part of this work was 

published in Chemistry, A European Journal.6 

As a final conclusion, it can be said that during this PhD work, we did 

not only assist in the understanding and characterization of different NC-

ligand interactions but in doing so, we did also expand the existing NMR 

toolbox with new types of experiments. The heating experiments that are 

shown in chapter 4, are now conducted more regularly to distinguish 

different types of ligands. Also, the hr-MAS and STD-experiments shown in 

chapter 6, provide new possibilities in studying both nano- and micro-sized 

particles. 
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Het uitgangspunt van het doctoraatsonderzoek gepresenteerd in deze 

thesis is de bestaande NMR toolbox die ontwikkeld werd voor de studie van 

nanodeeltjes door de PCN and NMR onderzoeksgroepen. Met deze toolbox 

als startpunt zijn er enkele specifieke onderzoeksvragen beantwoord. Deze 

onderzoeksvragen stelden terzelfdertijd ook nieuwe uitdagingen en 

mogelijkheden om de NMR toolbox verder uit te breiden.  

In hoofdstuk 3 worden de resultaten van het onderzoek naar de 

stabilisatie van Aluminium gedopeerde Zink Oxide (AZO) nanokristallen 

gepresenteerd. Bij de synthese van deze nanokristallen worden namelijk 

zowel oleïnezuur als oleylamine toegevoegd om een stabiele suspensie te 

verkijgen. Het was echter niet duidelijk waarom zowel een vetzuur als een 

amine nodig waren en ofdat beide dan finaal ook in de ligandschil 

eindigden. Na verschillende experimenten werd geconcludeerd dat enkel het 

oleïnezuur eindigt in de ligandschil terwijl het amine weggewassen wordt 

tijdens de opzuivering. Verder werd ook het dynamische gedrag van het 

oleïnezuur aan het AZO oppervlak in kaart gebracht.  

In hoofstuk 4 worden de resultaten van het onderzoek naar Koper 

Indium Sulfide (CIS) nanokristallen gepresenteerd. Deze worden tijdens de 

synthese gestabiliseerd met oleylamine liganden dewelke dan nadien 

uitgewisseld moeten worden voor andere, kortere liganden. Het ontwerpen 

van een goede uitwisselingsprocedure vereist echter een komplete kennis van 

het dynamische gedrag van de oleylamine liganden aan het CIS oppervlak. 

Om dit gedrag in kaart te brengen werd een nieuw type experiment aan de 

NMR toolbox toegevoegd, namelijk het in-situ opwarmen tot 150°C van de 

dispersie in de magneet. Uit deze hoge temperatuur metingen kon besloten 

worden dat het oleylamine aan het CIS oppervlak een sterk gebonden L-type 

ligand is. Het vertoont namelijk geen adsorptie en desorptie bij 

kamertemperatuur maar desorbeerd wel bij hogere temperaturen zonder de 
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aanwezigheid van een protondonor. Ook het gedrag van een gekend X-type 

ligand werd nagegaan, namelijk octadecylfosfonaatzuur liganden gebonden 

aan een Cadmium Selenide nanokristal. Deze X-type liganden desorbeerden 

inderdaad niet bij hogere temperaturen als er geen protondonoren aanwezig 

waren. Dit nieuwe type van experiment is dus van groot belang aangezien 

het een manier biedt om X- en L-type liganden van elkaar te onderscheiden.  

Met het dynamische gedrag van oleylamine aan het CIS oppervlak in 

gedachte werd een uitwisselingsprocedure uitgedacht en getest. Zoals 

verwacht was de uitwisseling naar een ander L-type ligand, dodecylthiol, 

succesvol. Maar verrassend genoeg was ook de uitwisseling naar X-type 

liganden mogelijk. In principe is een L- naar X-type uitwisseling echter niet 

mogelijk. Na extra onderzoek en in combinatie met resultaten van 

Rutherford Backscattering Spectroscopie kon besloten worden dat er naast 

oleylamine ook kleine X-type groepen aanwezig zijn aan het CIS oppervlak, 

zoals bijvoorbeeld OH- of acetylacetonaat, die gebruikt worden tijdens de 

synthese. Deze kunnen echter niet door NMR gevisualiseerd worden 

wegens te dicht en sterk gebonden aan het oppervlak. Aangezien deze 

onzuiverheden ongewenst zijn en de zuivere uitwisselingsprocedures 

verstoren werd een nieuwe synthese uitgevoerd met zuivere octadecylamine 

in plaats van de oleylamine die slechts beschikbaar is in technische kwaliteit. 

Octadecylamine vertoonde hetzelfde gedrag bij de hoge temperatuur 

metingen en is dus ook een sterk gebonden L-type ligand. En bovendien 

gaven de uitwisselingsexperimenten nu ook de verwachte resultaten, 

namelijk een L- naar L-type uitwisseling en geen L-naar X-type. Het gebruik 

van oleylamine van technische kwaliteit zou dus beter vermeden worden bij 

de synthese van nanokristallen.  
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In hoofdstuk 5 worden de resultaten van het onderzoek naar Hafnium 

Oxide nanokristallen met oleïnezuur liganden gepresenteerd. Deze 

metaaloxide nanokristallen worden net als de Aluminium Zink Oxide 

nanokristallen gesynthetiseerd met zowel oleïnezuur als oleylamine. Voor 

dit onderzoek werd de nadruk echter gelegd op de oppervlakte chemie en de 

moleculaire interacties die samen gaan met de stabilisatie, dit om zo een veel 

diepgaandere kijk te bieden op de betrokken processen. Na een standaard 

karakterisatie en bevestiging van het wegwassen van het amine na 

stabilisatie werd de rol van het vetzuur verder onderzocht. Om te 

onderzoeken of het oleïnezuur gebonden is als een carbonzuur of als een 

carboxylaat werd er een procedure gevolgd met gedeutereerd oleïnezuur-d1. 

Als dit oleïnezuur-d1 wordt toegevoegd aan een water-vrije dispersie van 

HfO2 nanokristallen gestabiliseerd met oleïnezuur kan men het verschil 

tussen beide bindingsvormen afleiden uit de verhouding van de carbonzure 

protonen en de andere oleïnezuur resonanties. Beide bindingsmodes zullen 

hier namelijk een verschillend resultaat geven. Uit de resultaten kon besloten 

worden dat er evenveel protonen gebonden zijn aan het oppervlak als dat er 

oleïnezuur moleculen gebonden zijn. Uit de IR data bleek echter dat er een 

carboxylaat op het oppervlak gebonden is. Met de combinatie van deze 

experimenten kan dus besloten worden dat er zowel een carboxylaat als een 

proton bindt aan het oppervlak maar wel op aparte bindingsplaatsen. Nu 

restte nog de rol van het amine te onderzoeken. Hiervoor werd er een 

experiment uitgedacht waarbij de stabilisatie van de HfO2 nanokristallen in-

situ gevolgd werd. Voor dit experiment werden oleylamine en 10-

undecenaatzuur gebruikt omdat beide duidelijk onderscheidbare alkeen 1H 

resonanties hebben en dus apart kunnen onderzocht worden. Uit dit 

experiment kon duidelijk worden afgeleid dat het vetzuur pas aan het 

oppervlak bindt na toevoegen van het amine. Uit al deze resultaten werd 

besloten dat het amine zich gedraagt als een base die een proton van het 
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vetzuur afsplitst. Daarna bindt het gevormde carboxylaat aan het oppervlak 

en vervangt daar een Cl- dat wordt opgevangen door het ammonium en 

tesamen wordt weggewassen. Hierdoor blijft er dus een oppervlak over met 

gebonden carboxylaat liganden en protonen.   

In hoofdstuk 6 worden de mogelijkheden onderzocht om de 

toepasbaarheid van de NMR toolbox verder uit te breiden. In dit onderzoek 

werd hydroxyapatiet poeder in de sub-micrometer grootteorde onderzocht. 

Dit poeder wordt ingezet als inorganische drager voor antigenen in het 

lichaam. Eerdere studies toonden aan dat er een hogere antigenen lading 

mogelijk werd als het hydroxyapatiet eerst werd gebonden met aminozuren, 

zoals lysine of arginine. Deze stabilisatie kon tot dusver echter niet 

gekarakteriseerd worden en dit onderzoek trachtte dan ook om hier nieuwe 

inzichten te bieden. Eerst werd een standaard karakterisatie uitgevoerd 

waarmee kon worden aangetoond dat het aminozuur gebonden was aan het 

hydroxyapatiet oppervlak. Daarna werd met behulp van hr-MAS de 1H 

resonantie van de OH- groepen aanwezig in het hydroxyapatiet 

kristalrooster aangetoond. De aanwezigheid van deze resonantie is 

interessant om een nieuwe, “oude” techniek uit te proberen, namelijk de 

Saturation Transfer Difference (STD) techniek. Deze wordt meestal gebruikt bij 

liganden gebonden aan grote bio macromoleculen maar was nooit eerder 

getest op liganden gebonden aan inorganische deeltjes. Uit de resultaten 

bleek dat er wel degelijk een interactie is tussen lysine en het hydroxyapatiet 

oppervlak. Uit deze eerste experimenten kon echter geen informatie 

bekomen worden over de bindingsoriëntatie, hiervoor zou meer 

optimalisatie van de experimenten vereist zijn.     

Als besluit kan gezegd worden dat tijdens dit doctoraatsonderzoek niet 

enkel verschillende onderzoeksvragen opgelost werden en verschillende 
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ligand-nanokristal interacties onderzocht, maar dat er ook nieuwe types 

experimenten aan de bestaande NMR toolbox werden toegevoegd.  
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