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Abstract 
 

Colloidal nanoparticles are widely used for industrial and scientific purposes in many 

fields, including catalysis, biosensing, drug delivery, and electrochemistry. It has been 

reported that most of the functional properties and performance of the nanoparticles are 

highly dependent on the particle size and morphology. Therefore, controlled synthesis of 

nanomaterials with desired size and structure is greatly beneficial to the application.   

This dissertation presents a systematic study on the effect of ligands on the colloidal Pd 

nanoparticle synthesis mechanism, kinetics, and final particle size. Specifically, the 

research is focused on investigating how the ligand bindings to different metal species, i.e., 

metal precursor and nanoparticle surface, affect the nucleation and growth pathways and 

rates and connecting the binding thermodynamics to the kinetics quantitatively. The first 

part of the work (Chapters 4 and 5) is establishing isothermal titration calorimetry (ITC) 

methodology for obtaining the thermodynamic values (Gibbs free energy, equilibrium 

constant, enthalpy and entropy) of the ligand-metal precursor binding reactions, and the 

simultaneous metal precursor trimer dissociation. In brief, the binding products and 

reactions were characterized by nuclear magnetic resonance (NMR), and an ITC model 

was developed to fit the unique ITC heat curve and extract the thermodynamic properties 

of the reactions above. Furthermore, in Chapter 6, the thermodynamic properties, 

especially the entropy trend changing with the ligand chain length was investigated on 



 

different metal precursors based on the established ITC methodology, showing that the 

entropic penalty plays a significant role in the binding equilibrium. 

The second part of the dissertation (Chapter 7 and 8) presents the kinetic and mechanistic 

study on size-tuning of the colloidal Pd nanoparticles only by changing different 

coordinating solvents as ligands together with the trioctylphosphine ligand. In-situ small 

angle X-ray scattering was applied to characterize the time evolutions of size, size 

distribution, and particle concentration using synthesis reactor connected to a capillary 

flow cell.  From the real-time kinetic measurements, the nucleation and growth rates were 

calculated and correlated with the thermodynamics, i.e., Gibbs free energies of solvent-

ligand-metal precursor reactivity and ligand-nanoparticle surface binding which were 

modified by the coordination of different solvents. Higher reactivity leads to faster 

nucleation and high nanoparticle concentration, and stronger solvent/ligand-particle 

coordination energy results in higher ligand capping density and slower growth. The 

interplay of both effects reduces the final particle size. Furthermore, because of the 

significance of the ligand-metal interactions, the synthesis temperature and ligand to metal 

precursor ratio were systematically to modify the relative binding between the ligand and 

precursor, and the ligand and nanoparticle, and determine the effect on the nucleation and 

growth rates. The results show that the relative rates of nucleation and growth is critical to 

the final size. A methodology for using the in-situ measurements to predict the final size 

by developing a kinetic model based is discussed. 
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General Audience Abstract 
 

 

Metal nanoparticles dispersed in solution phase, i.e., colloidal nanoparticles, are of great 

scientific interests due to their unique properties different from bulk metal materials. The 

size, shape and other morphology features can largely affect the nanomaterial properties 

and functional performances. Therefore, a successful synthesis of nanoparticles with 

desired structures is highly beneficial to the development of their application. Ligands, 

which are long-chain molecules that can cap on the surface of the nanoparticles, have been 

known as stabilizers of the nanoparticles in the solution phase. Whereas in recent studies, 

it has been found that changing the ligand type and concentration in the synthesis can result 

in different sizes and shapes of nanomaterials, which indicates that the ligands are playing 

critical roles in the synthesis mechanisms to control the kinetics.  

To have a better understanding on the control effects of the ligands, systematic studies were 

conducted on the ligand interactions (bindings) between the ligand-metal compound (as 

the metal source and initial agent in the nanomaterial synthesis) and ligand-nanoparticle 

surface, of which both can be quantified by thermodynamics. Using isothermal titration 

calorimetry, the ligand-metal precursor binding strength was measured and found to be 

dependent on ligand chain length and the metal precursors, which further affects the 

reactivity of the metal precursor based on the results of density functional theory 

calculations. On the other hand, the ligand-nanoparticle surface binding strength was found 

to affect the capping density of the ligands on the nanoparticle surface.
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In order to connect the thermodynamics to the kinetics, namely the nucleation (formation 

of new particles) and growth (particle size increase) rates, small angle X-ray scattering 

(SAXS) characterization was performed in real time during the synthesis on the 

nanoparticles. This technique allows the capture of the size, size distribution and 

concentration of nanoparticles changing with time, and the nucleation and growth rates 

were further calculated from the SAXS data.  By changing solvents with the same functions 

of ligands but of different coordinating abilities, a correlation between the kinetics and 

thermodynamics was observed. The nucleation rate increases with the metal precursor 

reactivity, which corresponds to stronger solvent binding to the precursor. On the other 

hand, the stronger ligand-nanoparticle binding slows down the growth by lowering the 

surface capping density. To go deeper into the ligand-metal binding and kinetics 

correlation, the binding properties were tuned by changing other synthesis conditions, i.e., 

different temperatures and ligand to metal ratios (ligand concentration), and a qualitative 

discussion was given on the effects of these conditions on the synthesis kinetics and final 

particle size. 
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Original Contributions 

1. In this work, a multi-technique methodology was developed on investigating the 

thermochemistry of ligand-induced Pd3(OAc)6 trimer dissociation and binding reaction. 

Specifically, a new isothermal titration calorimetry (ITC) heat curve model was 

established to extract all the thermodynamic properties (Gibbs free energy, enthalpy, 

and entropy) of ligand- Pd3(OAc)6 binding reaction, ligand-Pd(OAc)2 binding, 

Pd3(OAc)6 dissociation to Pd(OAc)2 at the same time, of which the latter two are 

difficult to measure directly under realistic conditions. This methodology also provides 

a way to quantify the reaction entropy which is important to understand the steric 

effects of the binding molecules and is challenging to obtain using other methods. 

2. The binding thermodynamics of tertiary phosphine ligands binding to square-planar Pd 

complexes were systematically measured using ITC. With increasing chain length of 

the ligand, a unique trend of decrease in the binding entropy penalty was found, leading 

to an increase of binding affinity (equilibrium constant). The study shows the 

importance of the entropic contribution when evaluating the binding strength which is 

underestimated in previous studies of solution phase molecular association.  

3. The thermodynamics of ligand-dependent chemical reactions was correlated to the 

kinetics in the synthesis of colloidal Pd nanoparticles, which gives a quantitative insight 

into the ligand effects on both nucleation and growth. Furthermore, ligand:Pd ratio and 

temperature effects were investigated, which shows the ligand-Pd interactions could 

tune the growth/nucleation rate ratio and the final particle size. 
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Format of Dissertation 
 

 

 

Chapter 1 consists of a brief introduction of the research background and objectives of this 

work.  The important scientific questions for a better understanding of the correlation 

between the ligand-metal thermodynamic interactions and colloidal nanoparticle 

nucleation and growth kinetics were listed, followed by short summaries of four different 

projects conducted with their purposes and correlations.  

Chapter 2 provides a review of the literature in morphology controlled synthesis of 

colloidal metal nanoparticles, ligand effects, solvent effects, proposed synthesis 

mechanisms and developed models. 

Chapter 3 introduces the research methodology, including modifying nanoparticle size by 

changing synthesis conditions, and two most important aspects in the methodology, i.e., 

obtaining kinetic data using in-situ small-angle X-ray scattering and quantifying the 

thermochemistry of ligand-metal interactions, and investigate the correlation between the 

kinetics and thermodynamics. 

Chapters 4 – 9 reports the results and discussions of the study, among which Chapter 4 – 5 

is the published paper and the supporting information “Palladium Acetate Trimer: 

Understanding its Ligand-Induced Dissociation Thermochemistry Using Isothermal 

Titration Calorimetry” on Volume 38 in Organometallics Journal in 2019, and Chapter 7 

and 8 are the manuscript “Solvent Manipulation of the Pre-reduction Metal-Ligand 

Complex and Particle-Ligand Binding for Controlled Synthesis of Pd Nanoparticles” and 

the supporting information which is in revision after submission. Chapters 6 and 9 are the 

unpublished work to be submitted on the effect of ligand carbon chain length on the ligand-
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metal complex binding entropy, and the effects of temperature and ligand concentration on 

synthesis kinetics in Pd(acac)2 – TOP system. The contributions of all the authors are listed 

at the beginning of each paper chapter. Chapter 10 summarizes the conclusions and 

proposes recommendations for future work. 
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1. Introduction 
 

Colloidal Pd nanoparticles have great potential for various applications such as 

catalysis1 and biosensing2 due to the unique properties which can be affected by size, 

shape3 and/or capping ligand4-5. Strategies of morphology control have been developed 

through changing synthesis reagents6-8 such as different precursors9-11, ligands12-16 or 

solvents17-19,  synthesis conditions20-21 such as precursor concentrations22, ligand 

concentration23-28 or reaction temperature29-31. Through numerous experimental 

explorations on various synthesis parameters for desired particle sizes and shapes, ligands 

gained tremendous attention not only due to its stabilizing functionality on the 

nanoparticles in solution phase but also their effect on synthesis kinetics and therefore size 

and shape. Empirical evidence shows various trends where the particle size and shape 

change with the ligand type, concentration23, binding strength of ligand to metal 

precursors32-33 or nanoparticle surface13-14, 34. Many studies demonstrate that the differences 

of the ligand-metal binding on the complex reactivity13, 34, or the ligand capping strength35 

on particle surface can affect the nucleation or growth kinetics, resulting in different 

particle size and morphologies. However, the role ligands play in controlling the kinetics 

and further the particle morphologies is still not well understood. 

There is an increasing interest in the mechanisms of the nucleation and growth during 

colloidal metal nanoparticle synthesis. In the 1950s, LaMer proposed the classical theory36 

of temporal separation of nucleation and growth stages (a burst of nucleation followed by 

the growth once the monomer reaches supersaturation). However, in later studies, the 

synthesis mechanism of colloidal metal nanoparticles (Pd35, 37, Au38, Rh39 and Ir40)  

facilitated with ligands/surfactants has been found to be different from the classical LaMer 
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model. Specifically, instead of a short burst of nucleation followed by diffusion controlled 

growth (temporal separation), slow nucleation and temporal overlap of growth have been 

reported by several groups13, 35, 37, 39-40 and alternative mechanisms have been proposed35, 

40-43. Recent studies35, 44 based on the current work on obtaining in-situ kinetic data using 

small angle X-ray scattering technique combines both experimental observation and kinetic 

modeling of phosphine ligand controlled colloidal Pd nanoparticle synthesis. The study 

reveals the two bindings: ligand-Pd precursor and ligand-particle surface atom play 

significant roles in controlling nucleation and growth kinetics. Depending on whether the 

ligand-metal complex stability and/or ligand-nanoparticle surface binding strength and 

coverage are affected, the nucleation or the growth will be modified. The interplay between 

these two effects decides the growth and nucleation kinetics and final particle size, and 

consequently a high ratio of growth/nucleation rate indicates the ligand binds 

comparatively weaker to nanoparticle surface than to the metal precursor, which offers 

more available metal sites on the particle surface for the growth, resulting in larger particle 

size.  On the other hand, the gradual capping of the nanoparticle surface by the free ligands 

released from ligand-Pd precursor dissociation allows the Pd complex in the solution to 

form nuclei, creating an overlap of nucleation and growth. The size distribution depends 

on the duration of the overlap45, i.e., a shorter overlap leads to a “size-focusing” where the 

size distribution becomes narrower. 

Despite the recent developments of different ligand-metal synthesis systems under 

various conditions, only a few attempts have been made on connecting12, 19 the ligand-metal 

binding strength to particle size and synthesis kinetics.  It requires a systematic study on 

the ligand-controlled mechanism considering ligand interactions with different metal 
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species in the reaction system. A promising methodology is to combine multiple techniques 

to obtain the in-situ nucleation and growth kinetics40-41, 46, determine the ligand-Pd 

precursor reactivity, and quantify44, 47-49 the thermodynamic binding strength. By 

modifying the thermodynamics of ligand-metal interactions and precursor reactivity using 

different ligand concentrations, solvents, metal precursors, ligand types, temperature, and 

other synthesis conditions, we aim to establish a correlation of the thermodynamic and 

kinetic parameters to allow predictable synthesis. 

The objective of the work is to answer the following scientific questions: 

1. How does the ligand-metal precursor binding affect the kinetics, especially the 

nucleation stage? 

2. How does the ligand-nanoparticle surface binding affect the growth kinetics? 

The studies are focused on thermo-synthesis (using heat-up method) of colloidal Pd 

nanoparticles with ligands of different chain-length in organic solvents of different 

properties. In this dissertation, four parts of correlated work will be reported in different 

chapters to show the progress in answering the above scientific questions and present an 

in-depth investigation of the ligand effects on the synthesis of colloidal metal nanoparticles.  

Thermochemistry of phosphine ligand-metal precursor binding 

Palladium acetate is a common precursor for Pd nanoparticle synthesis which was one 

of the main metal precursors used in this study. The ligand binding with the Pd acetate is a 

critical initial step to produce pre-nucleation precursors in the solvent environment further. 

Thus, understanding the binding process and binding product configuration would be very 

helpful to clarify the beginning status of the synthesis. Moreover, the ligand-metal 

precursor binding strength which, in principle, has a relation with the ligand-metal 
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precursor dissociation kinetics that can affect the following nucleation step. The binding 

strength can be quantified by the thermodynamic values, i.e., Gibbs free energy, enthalpy, 

and entropy. These quantities can give insights on the bonding mode (strong or weak 

binding) as well as the entropic contribution from the steric effects. Here, using a 

combination of 31P nuclear magnetic resonance (31P NMR), isothermal titration calorimetry 

(ITC) and X-ray absorption fine structure (XAFS), a methodology including a unique ITC 

model was developed to obtain the Gibbs free energy, enthalpy and entropy for ligand-

induced trimeric Pd acetate dissociation, and the monomeric Pd acetate – ligand binding 

which is inaccessible under realistic conditions. The results offer critical information on 

the ligand-metal precursor formation and stability in the solvent environment, and the 

approach shows potential to for application to other intriguing ligand-metal precursor 

binding systems where the precursor maintains a homo-polymeric structure. 

Entropic effect on ligand-metal precursor thermo-binding 

As stated in the Introduction, the bulky ligand chain structure is commonly believed to 

affect the stability of nanoparticle colloids in solution phase. When considering the binding 

strength of ligand to metal precursor or nanoparticle surface, much attention has been put 

in the binding energy, usually interpreted only into binding enthalpy (heat). However, the 

binding equilibrium (Gibbs free energy) is contributed by both the enthalpy and entropy. 

Very often the entropic contribution of a binding reaction constitutes a high portion of the 

Gibbs free energy, yet is ignored in most discussions in ligand involved metallic nano 

colloid synthesis. In this part of work, two different Pd precursors (palladium chloride and 

palladium acetate) binding with tertiary phosphines of different chain lengths were 

investigated based on the methodology established in the first part of the work above. It 
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was found that instead of the binding enthalpy; the binding entropy is the dominant factor 

that decides the different values of the binding Gibbs free energy of different phosphine 

ligands. The characterization of the binding products and the configuration during the 

sequential binding events (for PdCl2), as well as the binding entropy trend with the chain 

length, shed light on the steric effects of the ligands which potentially can affect the ligand 

association-dissociation dynamics during the nanoparticle synthesis, and further the 

synthesis kinetics and final particle size. 

Solvent coordinating effects on colloidal Pd nanoparticle synthesis 

In this part of the work, different sizes (1.4 – 5.0 nm with narrow size distributions) of 

Pd colloidal nanoparticles were synthesized by only changing the solvents of different 

coordinating ability and basicity using the same trioctylphosphine ligand, Pd acetate 

precursor and hexanol reducing agent. A systematic study on both nucleation and growth 

was conducted to investigate their correlations to the ligand-metal precursor reactivity and 

solvent tuned ligand capping density on the nanoparticle surface. Specifically, the time 

evolutions of size, size distribution, and particle concentration were captured by in-situ 

small X-ray scattering (SAXS) with a periodical capillary flow system for the SAXS 

measurement. The nucleation and growth rates were deconvoluted from the kinetic data, 

and the results show trends of decreasing nucleation rate with the solvent coordinating 

ability, while it was opposite for the growth rate. Using 31P nuclear magnetic resonance 

(31P NMR) and X-ray absorption fine structure (XAFS), different pre-reduction ligand-

solvent-metal precursors were characterized. Density functional theory (DFT) calculations 

on the reduction energy of the precursors indicate that different solvent coordinating 

stabilizes the ligand-metal precursor to different extents and tune the reduction rate. On the 
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other hand, DFT calculations performed on the solvent - nanoparticle surface binding 

suggests that solvent coordination enhances surface growth by reducing the ligand capping 

density. The interplay between the nucleation and growth rates shows slower nucleation 

and faster growth leads to larger nanoparticles,  

Temperature and ligand concentration effects on ligand-controlled nanoparticle 

synthesis 

As shown in the last part of the work, the ligand-metal bindings that can regulate the 

precursor reactivity and ligand capping density, which directly affects the nucleation and 

growth rates, and together define the final size particle size and size distribution. Therefore, 

tuning the ligand-metal binding thermodynamics and chemistry is a potential route to 

realize a controllable synthesis of desired sizes of particles. Here, the nucleation and growth 

kinetics of colloidal Pd nanoparticle synthesis using Pd(acac)2 and TOP ligand in 

oleylamine were tuned by changing the temperature, precursor concentration and TOP:Pd 

ratio. In-situ SAXS was used to capture the kinetics and qualitative trends of how the 

nucleation and growth rates change with the reaction conditions were reported and 

discussed.  
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2. Literature review and background 

Synthesis, size and morphology control of colloidal metal nanoparticles 

Controlling synthesized nanoparticle morphology and size is greatly meaningful since the 

nanomaterials’ properties are highly dependent on the particle size and shape1-6. Versatile 

approaches have been explored to construct nanomaterials with desired size, shape, crystal 

structures and ideally narrow size distribution. In colloidal metal nanoparticle synthesis, 

general essential agents include metal precursor as the metal source, solvent as synthesis 

medium, and surfactant/ligand as a stabilizer for the nanoparticles to disperse in the 

solution. Typical synthesis methods include (but not limited to) galvanic replacement 

reaction, thermal decomposition, chemical reduction7-9, among which the latter two are 

common since they can produce uniform shapes of nanoparticles with narrow size 

distribution (< 20 % polydispersity). For these two methods, a general idea of reaction 

setup was shown in Figure 2.110. The reactor consists of a 3-neck round bottom glass flask 

with stirring bar, a magnetic hot-plate insert connected to a thermal couple which merges 

into the solution to control the reaction temperature, and a septum fitted tubing for either 

agent injection, or gas flow to create specific reaction atmosphere.  The setup is flexible to 

be modified based on condition requirement (temperature, pressure, atmosphere 

environment, etc.) and synthesis procedure (stirring, injection, etc.). The liquid agents are 

mixed in the reactor thoroughly before and during the reaction, and the reactor is mounted 

on the hotplate with controlled temperature. Usually, a reflux condenser is connected to the 

reactor to avoid vast solvent evaporation.  
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Figure 2.1 Typical experimental setup for colloidal nanoparticle synthesis10. Reprinted 

with permission from 10, copyright 2012 ELSEVIER. 

 

Trial-and-error experimental methods have been the main routine of exploring the 

controlling factors of nanoparticle synthesis. Based on the numerous experimental 

observations,  two strategies have been utilized in synthesis protocols in solution phase due 

to easy operations to vary the nanoparticle size and morphology: 1) changing synthesis 

agents11-13 and 2) changing synthesis conditions14-15. The first strategy includes the 

modification of the solvent environment16-19, precursors20-21, reducing agents19, 22, or 

surfactant/ligands23-27. The second strategy includes changing the reaction temperature28-31 

and agent concentrations32-40. The choice of these synthesis conditions from previous 

experience is based on the agent physical properties (such as viscosity41, the boiling point 

of the solvents, precursor and ligand solubility), and more importantly, the chemical 

reactivity of the active species.  
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For example，Zhang et al. tuned the Rhodium nanoparticles from 5 – 13 nm by changing 

Rh(acac)2 precursor concentration from below 0.1 mM up to 12.5 mM6. Larger particles 

were obtained with higher precursor concentrations.  Additionally, Zhang et al.22 showed 

that with weaker reducing agents than NaBH4, i.e., borane complexe, the reaction 

completion time was elongated due to slower kinetics. Among borane complexes, 

morpholine-borane and triethylamine-borane have weaker reducing abilities than 

ammonia-borane, leading to slower reduction and larger nanoparticles (~ 5 nm compared 

with 3 nm from TEM images). The nanoparticle size increased from 6.2 nm - 8.3 nm with 

reaction temperature from 55 - 83 °C indicating an increase of growth rate. Another 

common strategy, seeded growth methodology, includes a two-step sequential growth by 

adding more precursors into the pre-formed nanoparticle seed solution to synthesize larger 

particles or adding precursors of a different composition from the seeds to form core-shell 

particles41-43.  Ligands and the solvents have multiple functionalities and have broad effects 

on the synthesis kinetics and final products, which will be discussed in details in the 

following sections. 

Ligand effects on colloidal metal nanoparticle synthesis 

Ligands/surfactants are recognized as stabilizers for the colloidal suspensions to prohibit 

particle agglomerations (particle assemblies),  aggregations (particles merging into a new 

particle) and precipitations. The ligand molecules can bind to the surface of the 

nanoparticles through a functional binding atom or group. The other end of the molecule 

contains a chain structure which is soluble in the solvent and helps separate the particles 

through steric interactions between chains or between the chain and solvent. A broad 
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spectrum of molecules can be used as ligands in different solvent environments and for 

different nanomaterials, such as ionic salts, polymers, and organic molecules. Figure 2.244 

shows a few types of ligands (from left to right: phosphate, phosphine, thiol, amine, and 

carboxylic acid) that have strong interactions with the nanoparticle surface and good 

solubility in the organic phase.  

 

Figure 2.2 An illustration of selected capping ligands on a colloidal metal nanoparticle44. 

Reprinted with permission from 44, copyright 2010 Royal Society. 

 

The binding strength of the ligand can significantly affect the stability of the nanoparticles 

in the solution phase. Covalently and ionically bonded ligands typically have strong 

bindings than weak electrostatic interactions and physical adsorptions. The covalent 

bonding usually happens to a ligand with an atom containing lone pair electron, such as 

phosphine or amine ligands which can coordinate to the surface metal atoms through 

electron donation. Ionic binding often occurs in the aqueous phase, where the surface and 

the ligand have counterpart charged components to strengthen the binding, which can be 
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interfered by the ionic environment (pH) of the aqueous phase. Weak physical adsorption 

is typically involved in the case of polymer ligands (e.g., PVP6). The binding is easy to be 

perturbed by a change in the environment, such as solvent or pH. The weakly bound groups 

create high dynamics of surface ligand adsorption-desorption, which allows easier surface 

decoration with other ligands, as well as more exposure of particle surface which is critical 

in catalysis applications. The bindings (as well as for covalent binding) can be strengthened 

by using multi-dentate (dendrites) ligands.  

Apart from the agreement on the ligand functionality of stabilizing nanoparticles in the 

solution phase, many reports have demonstrated the ligand effect on tuning the final 

particle size and shape in synthesizing metal colloids23-27, 33, 45-50, including Pt51-52, Au31, 53-

54, and Pd55-57. Concentration and ligand chain length are two dominant factors in 

determining nanoparticle size50, 58-59. On the other hand, attention should be paid to the 

ligand-precursor interaction, since the coordination of the ligand to metal could stabilize 

the precursor and thus lower the reactivity of the precursor58. This coordination effect is 

possible to affect both the nucleation (with a pre-request of ligand dissociation and metal 

complex reduction) and growth reduction of precursor or steric hindrance of precursor to 

the particle surface).  

Ligand-metal precursor binding 

Yu et al.25 discussed three situations of how the ligand affects the monomer (precursor) 

reactivity: 1) strong ligand coordination to the precursor suppresses the monomer 

reactivity. One example is Ortiz and the coworker24 reported the formation of Pd(acac)2-

oleylamine complex where the weakly bonded oleylamine may regulate the gradual 

precursor reduction and nucleation kinetics towards faster nucleation. 2) the longer carbon 
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chains inhibit monomer from reacting; 3) increasing ligand concentration decreases the 

monomer reactivity. Among these three effects, the authors demonstrated that the latter 

two are originated from the steric hindrance between the carbon chains of ligands.  

The ligand-metal precursor binding can also act as a critical triggering pre-step involved in 

nucleation and growth mechanisms, especially in further bond formation for nucleation. 

Park et al.67  and Hyeon et al.68 reported the formation of the iron-oleate complex as the 

active species for growth generated from the reaction of iron pentacarbonyl and oleic acid 

in iron and iron oxide nanoparticle synthesis. Liu et al.68 studied the mechanism of initial 

M-E (M = Zn, Cd, E = S, Se, Te) bond formation in synthesizing colloidal group II-VI 

semiconductor nanocrystals through the reaction between trialkylphosphine chalcogenides 

and oleate – M or n-octadecylphosphonic-Cd precursors. The ligand-metal bond cleavage 

kinetics was measured following a single-exponential decay curve. Later on, it has been 

recognized that the formation of a metal carboxylate and ligand (usually phosphine)-

chalcogen precursor is the starting point of generating metal-chalcogen bonding in 

semiconductor nanoparticles synthesis69.  

In terms of shape control, Yin et al. 70investigated the anisotropic growth of the Hanoi 

Tower-like Pd nanosheets. Comparing the competitive adsorption energies between CO 

and Pd4(CO)4(OAc)4 precursor on Pd(110), Pd(100) and (111), the precursor adsorbs 

stronger on Pd(110) than the other two facets in which the nanosheets are elongated. A 

similar effect has also been found in aqueous phase synthesis using [Pd2(μ‐CO)2Cl4]
2− as 

the precursor71. Overall, both ligated metal complex reactivity, and its binding strength as 

an adsorbate on the nanoparticle surface could limit the reduction-nucleation rate and/or 

direct the crystal structure growth72. 
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Ligand-metal nanoparticle binding 

Generally, the surface capping ligands have three possible effects on the nanoparticles: 1) 

enhancing the stability of nanoparticles in the solvent63; 2) directing the growth rates of 

different facets through etching to regulate nanoparticle shape and the surface crystal 

structure23, 73-81, and 3) limiting the growth rate by capping the surface atoms to inhibit 

monomers deposition on the surface. The last effect is directly related to the synthesis 

mechanism of general spherical nanoparticles and the control of particle size, which is of 

the highest interest in nanoparticle synthesis kinetics study.  

A general trend shows that a high concentration of ligands decrease the nanoparticle size 

while a lower concentration of ligands would result in larger particle size39-40, 60-62. It is 

reasonable that an increase of ligand concentration can lead to the decrease of nanoparticle 

size since the ligand capping density on the nanoparticle surface would increase, and 

consequently block a higher percentage of the available surface sites and prevent the access 

of monomers to deposit on the particle surface. In 1994, Burst et al.82  reported the synthesis 

of different sizes of colloidal Au nanoparticles using thiol ligands. They postulated the 

growth rate is determined by surface ligand coverage instead of the metal precursor 

reduction kinetics. Later on, a series of studies33, 83 showed similar reaction behavior of 

particle size decreasing with increasing ligand concentration, which Templeton et. al.64 

described as caused by the ligand surface passivation. Turkevich et. al.31, 63 developed the 

synthesis method of colloidal Au using citrate as a stabilizer, and the nanoparticle size 

decreased with the citrate concentration, with a narrowing down effect of size distribution. 

By varying the alkanethiolate ligands concentration while keeping the precursor 

concentration constant (changing the ligand: Au ratio), Hostetler et al.33 were able to tune 
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Au nanoparticle size from 1.5 to 5.2 nm, where the nanoparticles size decreased with 

increase in the ligand: Au ratio33, 64. Teranishi et al. controlled the size of Pd36 nanoparticles 

form 1.7 – 3.0 nm, as well as Pt65 nanoparticles,  form 1.5 – 5.0 nm by changing the amount 

of PVP (poly(N-vinyl-2-pyrrolidone) ligands. In both cases, the particle size decreased 

with the PVP/metal ratio, and the polydispersity increased. Evangelisti et al.34 conducted a 

more precise size control of Pd nanoparticle between 1.5 – 2.5 nm with Pd/PVP ratio from 

1 % to 20 w/w%. Henglei and the coworker35 reported the Ag nanoparticle size increased 

slightly with the decrease of citrate ligands despite the agglomeration. 

Therefore, it is believed that the ligand coverage could be significant in controlling the 

growth kinetics and final particle size, which is hypothesized to be directly correlated to 

the binding strength of the ligand on the nanoparticle surface. The binding strength of 

different ligands has been examined qualitatively mostly through a ligand exchange on the 

nanoparticle surface. One instance is Son et al.84 synthesized 5 nm Pd nanoparticles using 

Pd(acac)2 with trioctylphosphine ligands, and successfully substituted the surface ligands 

with a series of monodentate and bidentate phosphine ligands while keeping the 

monodispersity of the colloids, showing there is no passivating effect (which will etch the 

surface atoms and change the size or polydispersity) but only capping ligand substitution. 

The coordination chemistry was characterized using 31P NMR, showing a complete 

substitution which indicates a weak binding of TOP on the NP surface compared with other 

shorter chain lengths of phosphine ligands.   

In terms of chain length effect of the ligand, it is still under debate what are the critical 

factors or mechanisms directing the particle size and shape, mainly because various trends 

were observed in specific synthetic systems. Prasad et al.66 observed increasing Au particle 
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size from 4.5 nm – 5.5 nm when increasing the ligand chain length from C8SH to C16SH, 

which they explained that longer-chain ligands prefer to be packed on the particle surfaces 

with lower curvatures, which favors larger particles. Wikander et al.51 observed an opposite 

trend in Pt NP synthesis that the particle size decreases with the length of alkylamines in a 

toluene-water mixed phase where the precursors were transferred from toluene to water 

and formed NPs. They stated the smaller particle size is attributed to a higher solubility of 

ligands with longer chain lengths in toluene. This leads to a higher ligand packing density 

at the water droplet – toluene interface, which blocks the dynamics of the precursor phase 

transferring to water to form larger particles. Despite that opposite trends were observed, 

it is agreed that the ligand capping density is the decisive factor in the growth and final 

particle size. Higher ligand capping density would lead to slower growth and smaller 

nanoparticles.   

Later studies suggest that for the same type of ligand, the longer chain length is believed 

to have a weaker binding ability to the nanoparticle surface due to the electron withdrawing 

effect of the carbon groups. For different types of ligands, a general trend on the particle 

size using a few common ligands in the organic phase is thiolate < phosphine < amine < 

polymer ligands, which is consistent with the decreasing sequence of qualitative binding 

ability on the nanoparticle surface. On the other hand, the steric effects of ligand substitutes 

might modify the binding strength on the particle surface. Tan et.al.85 synthesized 

CdSe/CdS core/shell quantum dots using seeded growth methods with primary, secondary 

and tertiary amine (oleylamine, dioctylamine, and trihexylamine) ligands. The 

photoluminescence, ligand titration and NMR results showed on the same size of CdSe 

cores, precursor conversion efficiency for shell growth increases in the sequence of 
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oleylamine > dioctylamine > trihexylamine, indicating the increasing sequence of binding 

affinity on the particle surface. This shows that the tertiary amines with stronger steric force 

might create more space and lower ligand capping density on the particle surface, resulting 

in slowest growth. 

The quantification of the ligand binding to particle surface lies in two promising aspects: 

capping density86 and the binding strength. For the ligand capping density, a few 

spectroscopic techniques have been applied including nuclear magnetic resonance87-88, 

optical (photoluminescence89-95, absorption96-99), infrared vibrational, and atomic100-103 

spectroscopies. Besides spectroscopic methods, thermogravimetric analysis (TGA) is 

another functional method that can directly measure the desorbed ligand amount when 

heating the nanoparticles. The TGA technique has been used in quantifying different types 

of ligands in various nanoparticles including Pt104-106, Rh107, Pd108-113, Au33, 114-116, Ag117, 

and magnetite118-120. Early studies using TGA conducted by Murray et al.33, 114-116 show 

that for thiolate ligands capped gold nanoparticles, the ligand capping density varies only 

slightly with the particle size33 (for 2.8 nm and 5.2 nm particles, both the dodecanethiol 

ligand density is estimated around 4.6 ligands/nm2). Bulkier ligands pack less densely even 

for smaller particles which have a higher radius of curvature115, possibly because of the 

strong steric repulsion between the ligand chains. This demonstration was also stated in 

later reports using other polymeric bulky ligands121-122. 

One quantity of evaluating the binding strength of ligands on the nanoparticle surface is 

the binding equilibrium (equilibrium constant and binding free energy). So far, several 

techniques have been utilized including NMR123, resonant energy transfer116, and 

calorimetry114-115, 124-127, of which the last one can also deconvolute the binding entropy 
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and enthalpy which will give separate insights on the ligand steric and electronic 

contributions to the binding.  

Solvent effects on colloidal metal nanoparticle synthesis 

Organic solvents have been utilized to vary the morphologies of colloidal nanoparticles16-

18, 47, 128. Depending on the solvent functionality, they may affect either the particle surface 

or reactivity of the metal precursors129. In terms of the nanoparticle surface, the ligand 

capping density or binding strength on the nanoparticle surface could be modified through 

Van der Waals interaction17 or hydrogen bonding18 with the ligand carbon chains, 

respectively. Wu et al. 17 showed that compared with linear solvents, bulky planar aromatic 

solvents could interact with the carbon chains of oleylamine ligands through van der Waals 

interactions, which reduces the ligand coverage and increases the growth rate. Jiang et al. 

18 reported that the hydrogen bond strength between the solvent and ligand alkane chains 

could affect the electron donating ability of hydrocarbon groups to sulfur, and consequently 

the thiol binding strength increases on Au particle surface, leading to different particle 

sizes. On the other hand, if solvents have a coordinating ability to the metal complex or 

nanoparticle surface, they can serve as ligands. In the former case, coordinating solvents 

binding to the metal center would affect the precursor reactivity48-49 and consequently the 

nucleation and growth kinetics.  

Some other critical factors include metal species solubility16, boiling point128, or 

viscosity41, and the formation of ionic species48 could also modify the reaction kinetics. 

Teranishi et al.65 controlled the synthesis of Pt nanoparticles from 1.5 – 5.0 nm in different 

alcohols using PVP ligands. They found that a lower boiling point of the solvent leads to 

lower nucleation rate, resulting in larger particles. However, the reflux synthesis method 
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might create temperature discrepancy among the solvents of different boiling points. 

Higher boiling points of solvent might not have drastic reflux. Thus the actual synthesis 

temperature could be higher than the other solvents, which results in higher nucleation rate 

and smaller particles. Song et al. 16 reported a controlled synthesis method of Au 

nanoparticles from 1-6 nm using AuP(Phenyl)3Cl in a solvent mixture of toluene and 

CH3Cl. Their results show that a higher fraction of CH3Cl can promote nucleation and 

produce smaller particles due to the decreased stablity of larger particles in polar CH3Cl.  

Yin et al.48 proposed different growth mechanisms decided by the counterionic species of 

[Pt(NH2R)4]
4+ created from the solvent-Pt complex reaction. These plausible explanations 

on solvent effects are all pointing to the kinetic effect that results from the interplay 

between the nucleation and growth rates. Instead of a qualitative correlation based on 

solvent properties, it is necessary to have a better understanding of how the solvent is 

involved in the synthesis to reveal the nature of the kinetic modification. 

Nucleation and growth mechanisms and kinetic models 

 

Nucleation is the initial process for nanoparticle synthesis whereby the monomers (atoms 

of compounds of nanoparticle composition) bond together to form small nuclei as the seeds 

for nanocrystal growth upon. Growth is the process of monomers addition and the 

formation of metal-metal bonds to the surface of the particles leading to a size increase. 

Different models have been proposed to describe these two critical processes with or 

without other processes, which will be introduced in the following sections. The exact 

nucleation (e.g., classical and non-classical nucleation mechanisms) and growth 

mechanisms are not discussed. 
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Classical LaMer model 

 

In the 1950s, LaMer proposed a simple model in which the synthesis was separated into 

three stages: supersaturation, nucleation, and growth132-133. Figure 2.3 shows the 

relationship between supersaturation, which is defined as S = actual 

concentration/saturation concentration (solubility) of monomers (single atoms of the 

nanoparticle composition), and time. In details, in the supersaturation stage (Stage I), the 

monomers are introduced in the solution phase, either by adding or producing through a 

chemical (reduction) or physical (thermal decomposition) process. Once the monomer 

concentration reaches a critical saturation level (S = Sc), the nucleation (Stage II) is 

triggered and it starts to form small nuclei. As the nucleation goes on, due to the 

consumption of monomers, the monomer concentration will drop back below the 

supersaturation points, at which moment the nucleation completely stops. The growth 

(Stage III) takes over in which the monomers will be added on the nuclei to increase the 

size of nanoparticles, and it is solely controlled by monomer diffusion to the nanoparticle 

surface134.  
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Figure 2.3 LaMer plot: Variation of the supersaturation as a function of time. Reprinted 

with permission from 10, copyright 2012 ELSEVIER, and reproduced with permission 

from 132, copyright 1950 American Chemical Society. 

 

It has been believed that to obtain uniform nanoparticles, the nucleation stage needs to be 

over a short time and stops before growth starts, i.e., temporal separation of nucleation and 

growth. )13, 135-139. Therefore, the classical LaMer model creates a kinetic profile leading to 

a narrow size distribution of nanoparticles134, 137, i.e., a short and rapid nucleation stage 

followed by slow, diffusion-controlled growth. However, in the past few decades, several 

studies have reported that with ligands involved in the synthesis, the kinetics follows slow, 

continuous nucleation with a temporal overlap of nucleation and growth140, which can also 

produce highly monodispersed nanoparticles141-144. Similar kinetics have been observed in 

several metal nanoparticle syntheses using different types of ligands and solvents under 

various conditions, e.g., CdSe145, Pd56, 143, 146-147, Ir148-149, and Rh130, in which cases the 

LaMer model fails to describe the kinetics. This shows that the LaMer model is not the 

only kinetic model required to describe the kinetics leading narrow size distribution. The 

conditions in the LaMer model are not necessary or sufficient in all types of nanoparticle 

synthesis, or only applicable under specific conditions. Based on these observations, 
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different kinetic models have been proposed of which the most representative will be 

reviewed in the following sections. 

Finke-Watzky model 

In the 1990s, Watzky and Finke observed the kinetics of synthesizing Ir nanoparticles 

with stabilizers, which showed slow continuous nucleation followed by a fast 

autocatalytic surface growth based on an indirect kinetic observation on the cyclohexene 

hydrogenation catalyzed by the nanoparticle surface atoms150. A two-step mechanistic 

model of nucleation and growth was proposed, where instead of a complete separation of 

nucleation and growth in the classical LaMer model, both steps happen simultaneously. 

The model equations are shown as the following: 

A → B 

A + B → 2B 

A is the monomer and B is the atom in the nuclei or nanoparticles. The first equation 

describes the nucleation, where the monomer A becomes atoms in the nuclei. The second 

equation describes an auto-catalytic growth on the nanoparticle surface, where monomer 

A approaches to the surface atom B and is reduced on the particle surface which is 

catalyzed by the surface atom B. 

Despite a breakthrough in illustrating a new mechanism which was later implemented in 

other sophisticated models 48, 148, 152-153 to describe the formation of colloidal metal 

nanoparticles, there remain a few critical concerns. 1) The original Finke-Watzky model 

was only tested in describing the total reacted atoms (B, the atoms existing in the 

nanoparticles) changing with time indirectly through the cyclohexene hydrogenation which 

is catalyzed by the surface atoms. Whereas the number of particles is the quantity that is 
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directly correlated to the nucleation events, i.e., each nucleation creates a new nanoparticle. 

The total reacted atom is not sufficient to illustrate the number of particles since by varying 

the polydispersity of the nanoparticles, a specific amount of atoms can be distributed in 

different numbers of nanoparticles. In other words, the size distribution is a critical quantity 

that needs to be considered in the model. 2) The model does not include the ligand-metal 

interactions, which have been shown to have a significant effect on the synthesis kinetics.  

Ostwald ripening and digestive ripening  

Both Ostwald ripening and digestive ripening are thermodynamically controlled growth 

mechanisms. Ostwald ripening154, initially introduced in 1900, is a process where the small 

nanoparticles redissolve in the solution due to the high surface energy and solubility to 

allow larger particles to grow bigger. Digestive ripening155 is described as a reverse effect 

of Ostwald ripening, where the smaller particles grow at the expense of larger particles 

dissolving. It typically happens as post-synthetic handling to convert polydispersed 

nanoparticles into monodispersed particles. A general explanation156 of the process is when 

adding ligands strongly bonded to the particle surface, the original weakly bonded ligands 

are substituted during which the larger particles also break or get etched under high-

temperature reflux. The smaller particles will grow larger when the larger particles partially 

dissolve and get smaller, leading to size-focusing.  

Other studies on nucleation and growth mechanisms 

In the 1950s, Turkevich et. al.31, 63 reported a method of synthesizing colloidal Au which 

later on has been widely utilized and studied. They observed the particle size changing with 

time using ex-situ transmission electron microscopy (TEM) and found an exponential law 

of growth kinetics. Harada et al.130 observed the photoreduction kinetics of colloidal Rh 
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and Pd NP synthesis with PVP, using in-situ synchrotron SAXS which captured the time 

evolution of particle size, size distribution and the number of particles. They proposed three 

phases including autocatalytic – reduction nucleation, nucleation-growth, and diffusion-

limited Ostwald ripening growth. The quantitative analysis showed the particle size is 

proportional to log(t) in the nucleation – growth phase, and to t1/3 with the number of 

particles being proportional to t-1 (t – reaction time in second) in the Ostwald ripening 

growth phase. Perala and the coworker131 used a population-based mathematical model to 

test a new synthesis route of Brust−Schiffrin synthesis of metal nanoparticles. The route 

includes a continuous nucleation stage overlapping with growth and the ligand capping on 

the particle surface as a surface passivation process until complete capping to terminate the 

growth.  

The current status of the mechanism and kinetic study of colloidal nanoparticle synthesis 

shows that various factors, including ligands, solvents, temperature, concentrations and so 

on, can affect the synthesis kinetics and final particle size by modifying the nucleation and 

growth rates. Different kinetic models have been proposed depending on different 

nucleation and growth mechanisms, whereas there needs incorporation of these different 

factors to the synthesis kinetics. Understanding the ligand/solvent properties, and their 

binding with the metal to the nucleation and growth rates will help to develop a better 

understanding on the synthesis mechanisms, and provide data to develop kinetic models 

that are able to capture the complex kinetics of colloidal nanoparticle synthesis.  



36 

 

References 

1. Bratlie, K. M.; Lee, H.; Komvopoulos, K.; Yang, P.; Somorjai, G. A., Platinum 

Nanoparticle Shape Effects on Benzene Hydrogenation Selectivity. Nano Lett. 2007, 

7 (10), 3097-3101. 

2. Aiken, J. D.; Finke, R. G., A review of modern transition-metal nanoclusters: their 

synthesis, characterization, and applications in catalysis. J. Mol. Catal. A: Chem. 

1999, 145 (1), 1-44. 

3. Narayanan, R.; El-Sayed, M. A., Catalysis with Transition Metal Nanoparticles in 

Colloidal Solution:  Nanoparticle Shape Dependence and Stability. The Journal of 

Physical Chemistry B 2005, 109 (26), 12663-12676. 

4. Jing, C.; Rawson, F. J.; Zhou, H.; Shi, X.; Li, W.-H.; Li, D.-W.; Long, Y.-T., New 

Insights into Electrocatalysis Based on Plasmon Resonance for the Real-Time 

Monitoring of Catalytic Events on Single Gold Nanorods. Anal. Chem. 2014, 86 (11), 

5513-5518. 

5. Sharifi-Mood, N.; Mozaffari, A.; Córdova-Figueroa, U. M., Pair interaction of 

catalytically active colloids: from assembly to escape. J. Fluid Mech. 2016, 798, 910-

954. 

6. Zhang, Y.; Grass, M. E.; Habas, S. E.; Tao, F.; Zhang, T.; Yang, P.; Somorjai, G. A., 

One-step Polyol Synthesis and Langmuir−Blodgett Monolayer Formation of Size-

tunable Monodisperse Rhodium Nanocrystals with Catalytically Active (111) Surface 

Structures. J. Phys. Chem. C 2007, 111 (33), 12243-12253. 



37 

 

7. Jun, Y.-w.; Choi, J.-s.; Cheon, J., Heterostructured magnetic nanoparticles: their 

versatility and high performance capabilities. Chem. Commun. 2007,  (12), 1203-

1214. 

8. Park, J.; Joo, J.; Kwon, S. G.; Jang, Y.; Hyeon, T., Synthesis of Monodisperse 

Spherical Nanocrystals. Angew. Chem. Int. Ed. 2007, 46 (25), 4630-4660. 

9. Skrabalak, S. E.; Chen, J.; Sun, Y.; Lu, X.; Au, L.; Cobley, C. M.; Xia, Y., Gold 

Nanocages: Synthesis, Properties, and Applications. Acc. Chem. Res. 2008, 41 (12), 

1587-1595. 

10. An, K.; Alayoglu, S.; Ewers, T.; Somorjai, G. A., Colloid chemistry of nanocatalysts: 

A molecular view. J. Colloid Interface Sci. 2012, 373, 1-13. 

11. Telkar, M. M.; Rode, C. V.; Chaudhari, R. V.; Joshi, S. S.; Nalawade, A. M., Shape-

controlled preparation and catalytic activity of metal nanoparticles for hydrogenation 

of 2-butyne-1,4-diol and styrene oxide. Applied Catalysis A: General 2004, 273 (1–

2), 11-19. 

12. Bonet, F.; Delmas, V.; Grugeon, S.; Herrera Urbina, R.; Silvert, P. Y.; Tekaia-

Elhsissen, K., Synthesis of monodisperse Au, Pt, Pd, Ru and Ir nanoparticles in 

ethylene glycol. Nanostruct. Mater. 1999, 11 (8), 1277-1284. 

13. Qu, L.; Peng, Z. A.; Peng, X., Alternative Routes toward High Quality CdSe 

Nanocrystals. Nano Lett. 2001, 1 (6), 333-337. 

14. Yu, W.; Tu, W.; Liu, H., Synthesis of Nanoscale Platinum Colloids by Microwave 

Dielectric Heating. Langmuir. 1999, 15 (1), 6-9. 



38 

 

15. Yu, W.; Liu, M.; Liu, H.; Zheng, J., Preparation of Polymer-Stabilized Noble Metal 

Colloids. J. Colloid Interface Sci. 1999, 210 (1), 218-221. 

16. Song, J.; Kim, D.; Lee, D., Size Control in the Synthesis of 1-6 nm Gold 

Nanoparticles via Solvent-Controlled Nucleation. Langmuir. 2011, 27 (22), 13854-

13860. 

17. Wu, B. H.; Yang, H. Y.; Huang, H. Q.; Chen, G. X.; Zheng, N. F., Solvent effect on 

the synthesis of monodisperse amine-capped Au nanoparticles. Chin. Chem. Lett. 

2013, 24 (6), 457-462. 

18. Jiang, Y.; Huang, Y. Y.; Cheng, H.; Liu, Q. H.; Xie, Z.; Yao, T.; Jiang, Z.; Huang, Y. 

Y.; Bian, Q.; Pan, G. Q.; Sun, Z. H.; Wei, S. Q., Solvent Influence on the Role of 

Thiols in Growth of Thiols-Capped Au Nanocrystals. Journal of Physical Chemistry 

C 2014, 118 (1), 714-719. 

19. Cushing, B. L.; Kolesnichenko, V. L.; O'Connor, C. J., Recent Advances in the 

Liquid-Phase Syntheses of Inorganic Nanoparticles. Chem. Rev. 2004, 104 (9), 3893-

3946. 

20. Busser, G. W.; van Ommen, J. G.; Lercher, J. A., Chapter 9 - Preparation and 

Characterization of Polymer-Stabilized Rhodium Particles A2 - Moser, William R. In 

Advanced Catalysts and Nanostructured Materials, Academic Press: San Diego, 

1996; pp 213-230. 

21. Wang, Y.; Xie, S.; Liu, J.; Park, J.; Huang, C. Z.; Xia, Y., Shape-Controlled Synthesis 

of Palladium Nanocrystals: A Mechanistic Understanding of the Evolution from 

Octahedrons to Tetrahedrons. Nano Lett. 2013, 13 (5), 2276-2281. 



39 

 

22. Zheng, N.; Fan, J.; Stucky, G. D., One-Step One-Phase Synthesis of Monodisperse 

Noble-Metallic Nanoparticles and Their Colloidal Crystals. J. Am. Chem. Soc. 2006, 

128 (20), 6550-6551. 

23. Xia, Y.; Xia, X.; Peng, H.-C., Shape-Controlled Synthesis of Colloidal Metal 

Nanocrystals: Thermodynamic versus Kinetic Products. J. Am. Chem. Soc. 2015, 137 

(25), 7947-7966. 

24. Ortiz, N.; Skrabalak, S. E., Manipulating Local Ligand Environments for the 

Controlled Nucleation of Metal Nanoparticles and their Assembly into 

Nanodendrites. Angewandte Chemie-International Edition 2012, 51 (47), 11757-

11761. 

25. Yu, W. W.; Wang, Y. A.; Peng, X., Formation and Stability of Size-, Shape-, and 

Structure-Controlled CdTe Nanocrystals:  Ligand Effects on Monomers and 

Nanocrystals. Chem. Mater. 2003, 15 (22), 4300-4308. 

26. Hu, B.; Ding, K.; Wu, T.; Zhou, X.; Fan, H.; Jiang, T.; Wang, Q.; Han, B., Shape 

controlled synthesis of palladium nanocrystals by combination of oleylamine and 

alkylammonium alkylcarbamate and their catalytic activity. Chem. Commun. 2010, 

46 (45), 8552-8554. 

27. Yang, Z.; Klabunde, K. J., Synthesis of nearly monodisperse palladium (Pd) 

nanoparticles by using oleylamine and trioctylphosphine mixed ligands. J. 

Organomet. Chem. 2009, 694 (7-8), 1016-1021. 

28. Wang, J.; Winans, R. E.; Anderson, S. L.; Seifert, S.; Lee, B.; Chupas, P. J.; Ren, Y.; 

Lee, S.; Liu, Y., In Situ Small-Angle X-ray Scattering from Pd Nanoparticles Formed 



40 

 

by Thermal Decomposition of Organo-Pd Catalyst Precursors Dissolved in 

Hydrocarbons. The Journal of Physical Chemistry C 2013, 117 (44), 22627-22635. 

29. Choo, H. P.; Liew, K. Y.; Liu, H., Factors affecting the size of polymer stabilized Pd 

nanoparticles. J. Mater. Chem. 2002, 12 (4), 934-937. 

30. Sakamoto, N.; Harada, M.; Hashimoto, T., In Situ and Time-Resolved SAXS Studies 

of Pd Nanoparticle Formation in a Template of Block Copolymer Microdomain 

Structures. Macromolecules 2006, 39 (3), 1116-1124. 

31. Turkevich, J.; Stevenson, P. C.; Hillier, J., A study of the nucleation and growth 

processes in the synthesis of colloidal gold. Discuss. Faraday Soc. 1951, 11 (0), 55-

75. 

32. Williamson, C. B.; Nevers, D. R.; Hanrath, T.; Robinson, R. D., Prodigious Effects of 

Concentration Intensification on Nanoparticle Synthesis: A High-Quality, Scalable 

Approach. J. Am. Chem. Soc. 2015, 137 (50), 15843-15851. 

33. Hostetler, M. J.; Wingate, J. E.; Zhong, C.-J.; Harris, J. E.; Vachet, R. W.; Clark, M. 

R.; Londono, J. D.; Green, S. J.; Stokes, J. J.; Wignall, G. D.; Glish, G. L.; Porter, M. 

D.; Evans, N. D.; Murray, R. W., Alkanethiolate Gold Cluster Molecules with Core 

Diameters from 1.5 to 5.2 nm:  Core and Monolayer Properties as a Function of Core 

Size. Langmuir 1998, 14 (1), 17-30. 

34. Evangelisti, C.; Panziera, N.; D’Alessio, A.; Bertinetti, L.; Botavina, M.; Vitulli, G., 

New monodispersed palladium nanoparticles stabilized by poly-(N-vinyl-2-

pyrrolidone): Preparation, structural study and catalytic properties. Journal of 

Catalysis 2010, 272 (2), 246-252. 



41 

 

35. Henglein, A.; Giersig, M., Formation of Colloidal Silver Nanoparticles:  Capping 

Action of Citrate. The Journal of Physical Chemistry B 1999, 103 (44), 9533-9539. 

36. Teranishi, T.; Miyake, M., Size Control of Palladium Nanoparticles and Their Crystal 

Structures. Chem. Mater. 1998, 10 (2), 594-600. 

37. LaGrow, A. P.; Ingham, B.; Toney, M. F.; Tilley, R. D., Effect of Surfactant 

Concentration and Aggregation on the Growth Kinetics of Nickel Nanoparticles. J. 

Phys. Chem. C 2013, 117 (32), 16709-16718. 

38. Kim, S.-W.; Park, J.; Jang, Y.; Chung, Y.; Hwang, S.; Hyeon, T.; Kim, Y. W., 

Synthesis of Monodisperse Palladium Nanoparticles. Nano Lett. 2003, 3 (9), 1289-

1291. 

39. Jana, N. R.; Chen, Y.; Peng, X., Size- and Shape-Controlled Magnetic (Cr, Mn, Fe, 

Co, Ni) Oxide Nanocrystals via a Simple and General Approach. Chem. Mater. 2004, 

16 (20), 3931-3935. 

40. Mpourmpakis, G.; Caratzoulas, S.; Vlachos, D. G., What Controls Au Nanoparticle 

Dispersity during Growth? Nano Lett. 2010, 10 (9), 3408-3413. 

41. Humphrey, S. M.; Grass, M. E.; Habas, S. E.; Niesz, K.; Somorjai, G. A.; Tilley, T. 

D., Rhodium Nanoparticles from Cluster Seeds:  Control of Size and Shape by 

Precursor Addition Rate. Nano Lett. 2007, 7 (3), 785-790. 

42. Seyed-Razavi, A.; Snook, I. K.; Barnard, A. S., Origin of nanomorphology: does a 

complete theory of nanoparticle evolution exist? J. Mater. Chem. 2010, 20 (3), 416-

421. 



42 

 

43. Alayoglu, S.; Eichhorn, B., Rh−Pt Bimetallic Catalysts: Synthesis, Characterization, 

and Catalysis of Core−Shell, Alloy, and Monometallic Nanoparticles. J. Am. Chem. 

Soc. 2008, 130 (51), 17479-17486. 

44. Sperling, R. A.; Parak, W. J., Surface modification, functionalization and 

bioconjugation of colloidal inorganic nanoparticles. Philosophical Transactions of the 

Royal Society A: Mathematical, Physical and Engineering Sciences 2010, 368 (1915), 

1333-1383. 

45. Biacchi, A. J.; Schaak, R. E., Ligand-Induced Fate of Embryonic Species in the 

Shape-Controlled Synthesis of Rhodium Nanoparticles. ACS Nano 2015, 9 (2), 1707-

1720. 

46. Qian, H.; Zhu, Y.; Jin, R., Size-Focusing Synthesis, Optical and Electrochemical 

Properties of Monodisperse Au38(SC2H4Ph)24 Nanoclusters. ACS Nano 2009, 3 

(11), 3795-3803. 

47. Park, J.; An, K.; Hwang, Y.; Park, J. G.; Noh, H. J.; Kim, J. Y.; Park, J. H.; Hwang, 

N. M.; Hyeon, T., Ultra-large-scale syntheses of monodisperse nanocrystals. Nat 

Mater 2004, 3 (12), 891-5. 

48. Yin, X.; Shi, M.; Wu, J.; Pan, Y.-T.; Gray, D. L.; Bertke, J. A.; Yang, H., 

Quantitative Analysis of Different Formation Modes of Platinum Nanocrystals 

Controlled by Ligand Chemistry. Nano Lett. 2017, 17 (10), 6146-6150. 

49. Yang, Z. Q.; Klabunde, K. J., Synthesis of nearly monodisperse palladium (Pd) 

nanoparticles by using oleylamine and trioctylphosphine mixed ligands. J. 

Organomet. Chem. 2009, 694 (7-8), 1016-1021. 



43 

 

50. Scarabelli, L.; Coronado-Puchau, M.; Giner-Casares, J. J.; Langer, J.; Liz-Marzán, L. 

M., Monodisperse Gold Nanotriangles: Size Control, Large-Scale Self-Assembly, and 

Performance in Surface-Enhanced Raman Scattering. ACS Nano 2014, 8 (6), 5833-

5842. 

51. Wikander, K.; Petit, C.; Holmberg, K.; Pileni, M.-P., Size Control and Growth 

Process of Alkylamine-Stabilized Platinum Nanocrystals:  A Comparison between the 

Phase Transfer and Reverse Micelles Methods. Langmuir. 2006, 22 (10), 4863-4868. 

52. Osmić, M.; Kolny-Olesiak, J.; Al-Shamery, K., Size control and shape evolution of 

single-twinned platinum nanocrystals in a room temperature colloidal synthesis. 

CrystEngComm 2014, 16 (42), 9907-9914. 

53. Corbierre, M. K.; Lennox, R. B., Preparation of Thiol-Capped Gold Nanoparticles by 

Chemical Reduction of Soluble Au(I)−Thiolates. Chem Mater 2005, 17 (23), 5691-

5696. 

54. Zhang, J.; Gao, Y.; Alvarez‐Puebla, R. A.; Buriak, J. M.; Fenniri, H., Synthesis and 

SERS properties of nanocrystalline gold octahedra generated from thermal 

decomposition of HAuCl4 in block copolymers. Adv Mater 2006, 18 (24), 3233-

3237. 

55. Lim, B.; Jiang, M.; Tao, J.; Camargo, P. H. C.; Zhu, Y.; Xia, Y., Shape-Controlled 

Synthesis of Pd Nanocrystals in Aqueous Solutions. Adv Funct Mater 2009, 19 (2), 

189-200. 

56. Karim, A. M.; Al Hasan, N.; Ivanov, S.; Siefert, S.; Kelly, R. T.; Hallfors, N. G.; 

Benavidez, A.; Kovarik, L.; Jenkins, A.; Winans, R. E.; Datye, A. K., Synthesis of 1 



44 

 

nm Pd Nanoparticles in a Microfluidic Reactor: Insights from in Situ X-ray 

Absorption Fine Structure Spectroscopy and Small-Angle X-ray Scattering. Journal 

of Physical Chemistry C 2015, 119 (23), 13257-13267. 

57. Liu, Y.; Wang, C.; Wei, Y.; Zhu, L.; Li, D.; Jiang, J. S.; Markovic, N. M.; 

Stamenkovic, V. R.; Sun, S., Surfactant-Induced Postsynthetic Modulation of Pd 

Nanoparticle Crystallinity. Nano Letters 2011, 11 (4), 1614-1617. 

58. Jana, N. R.; Peng, X., Single-Phase and Gram-Scale Routes toward Nearly 

Monodisperse Au and Other Noble Metal Nanocrystals. J. Am. Chem. Soc. 2003, 125 

(47), 14280-14281. 

59. Peng, Z. A.; Peng, X., Formation of High-Quality CdTe, CdSe, and CdS Nanocrystals 

Using CdO as Precursor. J. Am. Chem. Soc. 2001, 123 (1), 183-184. 

60. Daniel, M.-C.; Astruc, D., Gold Nanoparticles:  Assembly, Supramolecular 

Chemistry, Quantum-Size-Related Properties, and Applications toward Biology, 

Catalysis, and Nanotechnology. Chem. Rev. 2004, 104 (1), 293-346. 

61. Luedtke, W. D.; Landman, U., Structure, Dynamics, and Thermodynamics of 

Passivated Gold Nanocrystallites and Their Assemblies. The Journal of Physical 

Chemistry 1996, 100 (32), 13323-13329. 

62. Wang, Z.; Tan, B.; Hussain, I.; Schaeffer, N.; Wyatt, M. F.; Brust, M.; Cooper, A. I., 

Design of Polymeric Stabilizers for Size-Controlled Synthesis of Monodisperse Gold 

Nanoparticles in Water. Langmuir. 2007, 23 (2), 885-895. 



45 

 

63. Enustun, B. V.; Turkevich, J., Coagulation of Colloidal Gold. J. Am. Chem. Soc. 

1963, 85 (21), 3317-3328. 

64. Templeton, A. C.; Wuelfing, W. P.; Murray, R. W., Monolayer-Protected Cluster 

Molecules. Acc. Chem. Res. 2000, 33 (1), 27-36. 

65. Teranishi, T.; Hosoe, M.; Tanaka, T.; Miyake, M., Size Control of Monodispersed Pt 

Nanoparticles and Their 2D Organization by Electrophoretic Deposition. The Journal 

of Physical Chemistry B 1999, 103 (19), 3818-3827. 

66. Prasad, B. L. V.; Stoeva, S. I.; Sorensen, C. M.; Klabunde, K. J., Digestive Ripening 

of Thiolated Gold Nanoparticles:  The Effect of Alkyl Chain Length. Langmuir. 2002, 

18 (20), 7515-7520. 

67. Park, J.; An, K.; Hwang, Y.; Park, J.-G.; Noh, H.-J.; Kim, J.-Y.; Park, J.-H.; Hwang, 

N.-M.; Hyeon, T., Ultra-large-scale syntheses of monodisperse nanocrystals. Nature 

Materials 2004, 3, 891. 

68. Hyeon, T.; Lee, S. S.; Park, J.; Chung, Y.; Na, H. B., Synthesis of Highly Crystalline 

and Monodisperse Maghemite Nanocrystallites without a Size-Selection Process. J. 

Am. Chem. Soc. 2001, 123 (51), 12798-12801. 

69. Sowers, K. L.; Swartz, B.; Krauss, T. D., Chemical Mechanisms of Semiconductor 

Nanocrystal Synthesis. Chem. Mater. 2013, 25 (8), 1351-1362. 

70. Yin, X.; Liu, X.; Pan, Y.-T.; Walsh, K. A.; Yang, H., Hanoi Tower-like Multilayered 

Ultrathin Palladium Nanosheets. Nano Lett. 2014, 14 (12), 7188-7194. 



46 

 

71. Li, H.; Chen, G.; Yang, H.; Wang, X.; Liang, J.; Liu, P.; Chen, M.; Zheng, N., Shape-

Controlled Synthesis of Surface-Clean Ultrathin Palladium Nanosheets by Simply 

Mixing a Dinuclear PdI Carbonyl Chloride Complex with H2O. Angew. Chem. Int. 

Ed. 2013, 52 (32), 8368-8372. 

72. Personick, M. L.; Mirkin, C. A., Making Sense of the Mayhem behind Shape Control 

in the Synthesis of Gold Nanoparticles. J. Am. Chem. Soc. 2013, 135 (49), 18238-

18247. 

73. Zhang, J.; Fang, J., A General Strategy for Preparation of Pt 3d-Transition Metal (Co, 

Fe, Ni) Nanocubes. J. Am. Chem. Soc. 2009, 131 (51), 18543-18547. 

74. Zhang, Y.; Grass, M. E.; Kuhn, J. N.; Tao, F.; Habas, S. E.; Huang, W.; Yang, P.; 

Somorjai, G. A., Highly Selective Synthesis of Catalytically Active Monodisperse 

Rhodium Nanocubes. J. Am. Chem. Soc. 2008, 130 (18), 5868-5869. 

75. Ortiz, N.; Skrabalak, S. E., On the Dual Roles of Ligands in the Synthesis of 

Colloidal Metal Nanostructures. Langmuir. 2014, 30 (23), 6649-6659. 

76. Song, H.; Kim, F.; Connor, S.; Somorjai, G. A.; Yang, P., Pt Nanocrystals:  Shape 

Control and Langmuir−Blodgett Monolayer Formation. The Journal of Physical 

Chemistry B 2005, 109 (1), 188-193. 

77. Sau, T. K.; Murphy, C. J., Room Temperature, High-Yield Synthesis of Multiple 

Shapes of Gold Nanoparticles in Aqueous Solution. J. Am. Chem. Soc. 2004, 126 

(28), 8648-8649. 



47 

 

78. Berhault, G.; Bausach, M.; Bisson, L.; Becerra, L.; Thomazeau, C.; Uzio, D., Seed-

Mediated Synthesis of Pd Nanocrystals:  Factors Influencing a Kinetic- or 

Thermodynamic-Controlled Growth Regime. J. Phys. Chem. C 2007, 111 (16), 5915-

5925. 

79. Xiong, Y.; Chen, J.; Wiley, B.; Xia, Y.; Yin, Y.; Li, Z.-Y., Size-Dependence of 

Surface Plasmon Resonance and Oxidation for Pd Nanocubes Synthesized via a Seed 

Etching Process. Nano Lett. 2005, 5 (7), 1237-1242. 

80. Lim, S. I.; Ojea-Jiménez, I.; Varon, M.; Casals, E.; Arbiol, J.; Puntes, V., Synthesis of 

Platinum Cubes, Polypods, Cuboctahedrons, and Raspberries Assisted by Cobalt 

Nanocrystals. Nano Lett. 2010, 10 (3), 964-973. 

81. Pettibone, J. M.; Hudgens, J. W., Gold Cluster Formation with Phosphine Ligands: 

Etching as a Size-Selective Synthetic Pathway for Small Clusters? ACS Nano 2011, 5 

(4), 2989-3002. 

82. Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R., Synthesis of thiol-

derivatised gold nanoparticles in a two-phase Liquid–Liquid system. J. Chem. Soc., 

Chem. Commun. 1994,  (7), 801-802. 

83. Leff, D. V.; Ohara, P. C.; Heath, J. R.; Gelbart, W. M., Thermodynamic Control of 

Gold Nanocrystal Size: Experiment and Theory. The Journal of Physical Chemistry 

1995, 99 (18), 7036-7041. 

84. Son, S. U.; Jang, Y.; Yoon, K. Y.; Kang, E.; Hyeon, T., Facile synthesis of various 

phosphine-stabilized monodisperse palladium nanoparticles through the 



48 

 

understanding of coordination chemistry of the nanoparticles. Nano Lett. 2004, 4 (6), 

1147-1152. 

85. Tan, R.; Shen, Y.; Roberts, S. K.; Gee, M. Y.; Blom, D. A.; Greytak, A. B., Reducing 

Competition by Coordinating Solvent Promotes Morphological Control in Alternating 

Layer Growth of CdSe/CdS Core/Shell Quantum Dots. Chem. Mater. 2015, 27 (21), 

7468-7480. 

86. Smith, A. M.; Johnston, K. A.; Crawford, S. E.; Marbella, L. E.; Millstone, J. E., 

Ligand density quantification on colloidal inorganic nanoparticles. Analyst 2017, 142 

(1), 11-29. 

87. Anderson, N. C.; Hendricks, M. P.; Choi, J. J.; Owen, J. S., Ligand Exchange and the 

Stoichiometry of Metal Chalcogenide Nanocrystals: Spectroscopic Observation of 

Facile Metal-Carboxylate Displacement and Binding. J. Am. Chem. Soc. 2013, 135 

(49), 18536-18548. 

88. Smith, A. M.; Marbella, L. E.; Johnston, K. A.; Hartmann, M. J.; Crawford, S. E.; 

Kozycz, L. M.; Seferos, D. S.; Millstone, J. E., Quantitative Analysis of Thiolated 

Ligand Exchange on Gold Nanoparticles Monitored by 1H NMR Spectroscopy. Anal. 

Chem. 2015, 87 (5), 2771-2778. 

89. Demers, L. M.; Mirkin, C. A.; Mucic, R. C.; Reynolds, R. A.; Letsinger, R. L.; 

Elghanian, R.; Viswanadham, G., A Fluorescence-Based Method for Determining the 

Surface Coverage and Hybridization Efficiency of Thiol-Capped Oligonucleotides 

Bound to Gold Thin Films and Nanoparticles. Anal. Chem. 2000, 72 (22), 5535-5541. 



49 

 

90. Hurst, S. J.; Lytton-Jean, A. K. R.; Mirkin, C. A., Maximizing DNA Loading on a 

Range of Gold Nanoparticle Sizes. Anal. Chem. 2006, 78 (24), 8313-8318. 

91. Mirkin, C. A.; Letsinger, R. L.; Jin, R.; Li, Z., Multiple thiol-anchor capped DNA–

gold nanoparticle conjugates. Nucleic Acids Res. 2002, 30 (7), 1558-1562. 

92. Giljohann, D. A.; Seferos, D. S.; Patel, P. C.; Millstone, J. E.; Rosi, N. L.; Mirkin, C. 

A., Oligonucleotide Loading Determines Cellular Uptake of DNA-Modified Gold 

Nanoparticles. Nano Lett. 2007, 7 (12), 3818-3821. 

93. Xia, X.; Yang, M.; Wang, Y.; Zheng, Y.; Li, Q.; Chen, J.; Xia, Y., Quantifying the 

Coverage Density of Poly(ethylene glycol) Chains on the Surface of Gold 

Nanostructures. ACS Nano 2012, 6 (1), 512-522. 

94. Hill, H. D.; Millstone, J. E.; Banholzer, M. J.; Mirkin, C. A., The Role Radius of 

Curvature Plays in Thiolated Oligonucleotide Loading on Gold Nanoparticles. ACS 

Nano 2009, 3 (2), 418-424. 

95. Zhang, X.; Servos, M. R.; Liu, J., Ultrahigh Nanoparticle Stability against Salt, pH, 

and Solvent with Retained Surface Accessibility via Depletion Stabilization. J. Am. 

Chem. Soc. 2012, 134 (24), 9910-9913. 

96. Zhan, N.; Palui, G.; Merkl, J.-P.; Mattoussi, H., Bio-orthogonal Coupling as a Means 

of Quantifying the Ligand Density on Hydrophilic Quantum Dots. J. Am. Chem. Soc. 

2016, 138 (9), 3190-3201. 



50 

 

97. Ha, J.-M.; Solovyov, A.; Katz, A., Postsynthetic Modification of Gold Nanoparticles 

with Calix[4]arene Enantiomers: Origin of Chiral Surface Plasmon Resonance. 

Langmuir. 2009, 25 (1), 153-158. 

98. Oh, E.; Susumu, K.; Blanco-Canosa, J. B.; Medintz, I. L.; Dawson, P. E.; Mattoussi, 

H., Preparation of Stable Maleimide-Functionalized Au Nanoparticles and Their Use 

in Counting Surface Ligands. Small 2010, 6 (12), 1273-1278. 

99. Ha, J.-M.; Solovyov, A.; Katz, A., Synthesis and Characterization of Accessible 

Metal Surfaces in Calixarene-Bound Gold Nanoparticles. Langmuir. 2009, 25 (18), 

10548-10553. 

100. Morris-Cohen, A. J.; Donakowski, M. D.; Knowles, K. E.; Weiss, E. A., The 

Effect of a Common Purification Procedure on the Chemical Composition of the 

Surfaces of CdSe Quantum Dots Synthesized with Trioctylphosphine Oxide. J. Phys. 

Chem. C 2010, 114 (2), 897-906. 

101. Elzey, S.; Tsai, D.-H.; Rabb, S. A.; Yu, L. L.; Winchester, M. R.; Hackley, V. A., 

Quantification of ligand packing density on gold nanoparticles using ICP-OES. 

Analytical and Bioanalytical Chemistry 2012, 403 (1), 145-149. 

102. Hinterwirth, H.; Kappel, S.; Waitz, T.; Prohaska, T.; Lindner, W.; Lämmerhofer, 

M., Quantifying Thiol Ligand Density of Self-Assembled Monolayers on Gold 

Nanoparticles by Inductively Coupled Plasma–Mass Spectrometry. ACS Nano 2013, 

7 (2), 1129-1136. 

103. Donakowski, M. D.; Godbe, J. M.; Sknepnek, R.; Knowles, K. E.; Olvera de la 

Cruz, M.; Weiss, E. A., A Quantitative Description of the Binding Equilibria of para-



51 

 

Substituted Aniline Ligands and CdSe Quantum Dots. J. Phys. Chem. C 2010, 114 

(51), 22526-22534. 

104. Zhou, Z.-Y.; Ren, J.; Kang, X.; Song, Y.; Sun, S.-G.; Chen, S., Butylphenyl-

functionalized Pt nanoparticles as CO-resistant electrocatalysts for formic acid 

oxidation. Phys. Chem. Chem. Phys. 2012, 14 (4), 1412-1417. 

105. Zhou, Z.-Y.; Kang, X.; Song, Y.; Chen, S., Enhancement of the electrocatalytic 

activity of Pt nanoparticles in oxygen reduction by chlorophenyl functionalization. 

Chem. Commun. 2012, 48 (28), 3391-3393. 

106. Mirkhalaf, F.; Paprotny, J.; Schiffrin, D. J., Synthesis of Metal Nanoparticles 

Stabilized by Metal−Carbon Bonds. J. Am. Chem. Soc. 2006, 128 (23), 7400-7401. 

107. Chen, W.; Zuckerman, N. B.; Kang, X.; Ghosh, D.; Konopelski, J. P.; Chen, S., 

Alkyne-Protected Ruthenium Nanoparticles. J. Phys. Chem. C 2010, 114 (42), 18146-

18152. 

108. Sadeghmoghaddam, E.; Lam, C.; Choi, D.; Shon, Y.-S., Synthesis and catalytic 

properties of alkanethiolate-capped Pd nanoparticles generated from sodium S-

dodecylthiosulfate. J. Mater. Chem. 2011, 21 (2), 307-312. 

109. Sadeghmoghaddam, E.; Gaïeb, K.; Shon, Y.-S., Catalytic isomerization of allyl 

alcohols to carbonyl compounds using poisoned Pd nanoparticles. Applied Catalysis 

A: General 2011, 405 (1), 137-141. 

110. Cargnello, M.; Wieder, N. L.; Canton, P.; Montini, T.; Giambastiani, G.; 

Benedetti, A.; Gorte, R. J.; Fornasiero, P., A Versatile Approach to the Synthesis of 



52 

 

Functionalized Thiol-Protected Palladium Nanoparticles. Chem. Mater. 2011, 23 

(17), 3961-3969. 

111. Zhou, Z.-Y.; Kang, X.; Song, Y.; Chen, S., Butylphenyl-functionalized palladium 

nanoparticles as effective catalysts for the electrooxidation of formic acid. Chem. 

Commun. 2011, 47 (21), 6075-6077. 

112. He, G.; Song, Y.; Kang, X.; Chen, S., Alkyne-functionalized palladium 

nanoparticles: Synthesis, characterization, and electrocatalytic activity in ethylene 

glycol oxidation. Electrochim. Acta 2013, 94, 98-103. 

113. Gavia, D. J.; Shon, Y.-S., Controlling Surface Ligand Density and Core Size of 

Alkanethiolate-Capped Pd Nanoparticles and Their Effects on Catalysis. Langmuir. 

2012, 28 (40), 14502-14508. 

114. Terrill, R. H.; Postlethwaite, T. A.; Chen, C.-h.; Poon, C.-D.; Terzis, A.; Chen, 

A.; Hutchison, J. E.; Clark, M. R.; Wignall, G., Monolayers in Three Dimensions: 

NMR, SAXS, Thermal, and Electron Hopping Studies of Alkanethiol Stabilized Gold 

Clusters. J. Am. Chem. Soc. 1995, 117 (50), 12537-12548. 

115. Wuelfing, W. P.; Gross, S. M.; Miles, D. T.; Murray, R. W., Nanometer Gold 

Clusters Protected by Surface-Bound Monolayers of Thiolated Poly(ethylene glycol) 

Polymer Electrolyte. J. Am. Chem. Soc. 1998, 120 (48), 12696-12697. 

116. Shon, Y.-S.; Gross, S. M.; Dawson, B.; Porter, M.; Murray, R. W., 

Alkanethiolate-Protected Gold Clusters Generated from Sodium S-Dodecylthiosulfate 

(Bunte Salts). Langmuir. 2000, 16 (16), 6555-6561. 



53 

 

117. Amoli, B. M.; Gumfekar, S.; Hu, A.; Zhou, Y. N.; Zhao, B., Thiocarboxylate 

functionalization of silver nanoparticles: effect of chain length on the electrical 

conductivity of nanoparticles and their polymer composites. J. Mater. Chem. 2012, 22 

(37), 20048-20056. 

118. Butterworth, M. D.; Illum, L.; Davis, S. S., Preparation of ultrafine silica- and 

PEG-coated magnetite particles. Colloids and Surfaces A: Physicochemical and 

Engineering Aspects 2001, 179 (1), 93-102. 

119. Illum, L.; Church, A. E.; Butterworth, M. D.; Arien, A.; Whetstone, J.; Davis, S. 

S., Development of Systems for Targeting the Regional Lymph Nodes for Diagnostic 

Imaging: In Vivo Behaviour of Colloidal PEG-Coated Magnetite Nanospheres in the 

Rat Following Interstitial Administration. Pharm. Res. 2001, 18 (5), 640-645. 

120. Schwaminger, S. P.; García, P. F.; Merck, G. K.; Bodensteiner, F. A.; Heissler, S.; 

Günther, S.; Berensmeier, S., Nature of Interactions of Amino Acids with Bare 

Magnetite Nanoparticles. J. Phys. Chem. C 2015, 119 (40), 23032-23041. 

121. Gavia, D. J.; Maung, M. S.; Shon, Y.-S., Water-Soluble Pd Nanoparticles 

Synthesized from ω-Carboxyl-S-Alkanethiosulfate Ligand Precursors as 

Unimolecular Micelle Catalysts. ACS Applied Materials & Interfaces 2013, 5 (23), 

12432-12440. 

122. Rahme, K.; Chen, L.; Hobbs, R. G.; Morris, M. A.; O'Driscoll, C.; Holmes, J. D., 

PEGylated gold nanoparticles: polymer quantification as a function of PEG lengths 

and nanoparticle dimensions. RSC Advances 2013, 3 (17), 6085-6094. 



54 

 

123. Hens, Z.; Martins, J. C., A Solution NMR Toolbox for Characterizing the Surface 

Chemistry of Colloidal Nanocrystals. Chem. Mater. 2013, 25 (8), 1211-1221. 

124. Hostetler, M. J.; Templeton, A. C.; Murray, R. W., Dynamics of Place-Exchange 

Reactions on Monolayer-Protected Gold Cluster Molecules. Langmuir. 1999, 15 (11), 

3782-3789. 

125. Gourishankar, A.; Shukla, S.; Ganesh, K. N.; Sastry, M., Isothermal titration 

calorimetry studies on the binding of DNA bases and PNA base monomers to gold 

nanoparticles. J. Am. Chem. Soc. 2004, 126 (41), 13186-13187. 

126. Williams, E. S.; Major, K. J.; Tobias, A.; Woodall, D.; Morales, V.; Lippincott, 

C.; Moyer, P. J.; Jones, M., Characterizing the Influence of TOPO on Exciton 

Recombination Dynamics in Colloidal CdSe Quantum Dots. J. Phys. Chem. C 2013, 

117 (8), 4227-4237. 

127. Baksi, A.; Bootharaju, M. S.; Chhotaray, P. K.; Chakraborty, P.; Mondal, B.; 

Bhat, S.; Gardas, R.; Pradeep, T., Reactivity of Monolayer Protected Silver Clusters 

toward Excess Ligand: A Calorimetric Study. J. Phys. Chem. C 2017, 121 (47), 

26483-26492. 

128. Biacchi, A. J.; Schaak, R. E., The Solvent Matters: Kinetic versus 

Thermodynamic Shape Control in the Polyol Synthesis of Rhodium Nanoparticles. 

ACS Nano 2011, 5 (10), 8089-8099. 

129. Goulet, P. J. G.; Lennox, R. B., New Insights into Brust−Schiffrin Metal 

Nanoparticle Synthesis. J. Am. Chem. Soc. 2010, 132 (28), 9582-9584. 



55 

 

130. Harada, M.; Tamura, N.; Takenaka, M., Nucleation and Growth of Metal 

Nanoparticles during Photoreduction Using In Situ Time-Resolved SAXS Analysis. 

J. Phys. Chem. C 2011, 115 (29), 14081-14092. 

131. Perala, S. R. K.; Kumar, S., On the Mechanism of Metal Nanoparticle Synthesis 

in the Brust-Schiffrin Method. Langmuir. 2013, 29 (31), 9863-9873. 

132. LaMer, V. K.; Dinegar, R. H., Theory, production and mechanism of formation of 

monodispersed hydrosols. Journal of the American Chemical Society 1950, 72 (11), 

4847-4854. 

133. Vreeland, E. C.; Watt, J.; Schober, G. B.; Hance, B. G.; Austin, M. J.; Price, A. 

D.; Fellows, B. D.; Monson, T. C.; Hudak, N. S.; Maldonado-Camargo, L.; 

Bohorquez, A. C.; Rinaldi, C.; Huber, D. L., Enhanced Nanoparticle Size Control by 

Extending LaMer’s Mechanism. Chemistry of Materials 2015, 27 (17), 6059-6066. 

134. Sugimoto, T., Preparation of monodispersed colloidal particles. Adv. Colloid 

Interface Sci. 1987, 28, 65-108. 

135. Yin, Y.; Alivisatos, A. P., Colloidal nanocrystal synthesis and the organic-

inorganic interface. Nature 2005, 437 (7059), 664-670. 

136. Chen, D.; Li, Y.; Zhang, J.; Li, W.; Zhou, J.; Shao, L.; Qian, G., Efficient removal 

of dyes by a novel magnetic Fe3O4/ZnCr-layered double hydroxide adsorbent from 

heavy metal wastewater. J. Hazard. Mater. 2012, 243, 152-160. 

137. Reiss, H., The growth of uniform colloidal dispersions. The Journal of Chemical 

Physics 1951, 19 (4), 482-487. 



56 

 

138. Peng, X.; Wickham, J.; Alivisatos, A. P., Kinetics of II-VI and III-V Colloidal 

Semiconductor Nanocrystal Growth:  “Focusing” of Size Distributions. J. Am. Chem. 

Soc. 1998, 120 (21), 5343-5344. 

139. Yin, Y.; Alivisatos, A. P., Colloidal nanocrystal synthesis and the organic–

inorganic interface. Nature 2004, 437, 664. 

140. Karim, A. M.; Al Hasan, N.; Ivanov, S.; Siefert, S.; Kelly, R. T.; Hallfors, N. G.; 

Benavidez, A.; Kovarik, L.; Jenkins, A.; Winans, R. E.; Datye, A. K., Synthesis of 1 

nm Pd Nanoparticles in a Microfluidic Reactor: Insights from in Situ X-ray 

Absorption Fine Structure Spectroscopy and Small-Angle X-ray Scattering. J. Phys. 

Chem. C 2015, 119 (23), 13257-13267. 

141. Rempel, J. Y.; Bawendi, M. G.; Jensen, K. F., Insights into the Kinetics of 

Semiconductor Nanocrystal Nucleation and Growth. Journal of the American 

Chemical Society 2009, 131 (12), 4479-4489. 

142. Watzky, M. A.; Finke, R. G., Transition Metal Nanocluster Formation Kinetic and 

Mechanistic Studies. A New Mechanism When Hydrogen Is the Reductant:  Slow, 

Continuous Nucleation and Fast Autocatalytic Surface Growth. J. Am. Chem. Soc. 

1997, 119 (43), 10382-10400. 

143. Mozaffari, S.; Li, W.; Thompson, C.; Ivanov, S.; Seifert, S.; Lee, B.; Kovarik, L.; 

Karim, A. M., Colloidal nanoparticle size control: experimental and kinetic modeling 

investigation of the ligand-metal binding role in controlling the nucleation and growth 

kinetics. Nanoscale 2017, 9 (36), 13772-13785. 



57 

 

144. Laxson, W. W.; Finke, R. G., Nucleation is Second Order: An Apparent 

Kinetically Effective Nucleus of Two for Ir(0)n Nanoparticle Formation from [(1,5-

COD)IrI·P2W15Nb3O62]8– Plus Hydrogen. J. Am. Chem. Soc. 2014, 136 (50), 

17601-17615. 

145. Lazzari, S.; Theiler, P. M.; Shen, Y.; Coley, C. W.; Stemmer, A.; Jensen, K. F., 

Ligand-Mediated Nanocrystal Growth. Langmuir 2018, 34 (10), 3307-3315. 

146. Wu, L.; Lian, H.; Willis, J. J.; Goodman, E. D.; McKay, I. S.; Qin, J.; Tassone, C. 

J.; Cargnello, M., Tuning Precursor Reactivity toward Nanometer-Size Control in 

Palladium Nanoparticles Studied by in Situ Small Angle X-ray Scattering. Chem. 

Mater. 2018, 30 (3), 1127-1135. 

147. Ortiz, N.; Skrabalak, S. E., Manipulating Local Ligand Environments for the 

Controlled Nucleation of Metal Nanoparticles and their Assembly into 

Nanodendrites. Angewandte Chemie International Edition 2012, 51 (47), 11757-

11761. 

148. Watzky, M. A.; Finney, E. E.; Finke, R. G., Transition-Metal Nanocluster Size vs 

Formation Time and the Catalytically Effective Nucleus Number: A Mechanism-

Based Treatment. J. Am. Chem. Soc. 2008, 130 (36), 11959-11969. 

149. Özkar, S.; Finke, R. G., Nanoparticle Nucleation Is Termolecular in Metal and 

Involves Hydrogen: Evidence for a Kinetically Effective Nucleus of Three 

{Ir3H2x·P2W15Nb3O62}6– in Ir(0)n Nanoparticle Formation From [(1,5-

COD)IrI·P2W15Nb3O62]8– Plus Dihydrogen. Journal of the American Chemical 

Society 2017, 139 (15), 5444-5457. 



58 

 

150. Watzky, M. A.; Finke, R. G., Transition Metal Nanocluster Formation Kinetic and 

Mechanistic Studies. A New Mechanism When Hydrogen Is the Reductant:  Slow, 

Continuous Nucleation and Fast Autocatalytic Surface Growth. J. Am. Chem. Soc. 

1997, 119 (43), 10382-10400. 

151. Besson, C.; Finney, E. E.; Finke, R. G., Nanocluster nucleation, growth, and then 

agglomeration kinetic and mechanistic studies: A more general, four-step mechanism 

involving double autocatalysis. Chem. Mater. 2005, 17 (20), 4925-4938. 

152. Yang, T.-H.; Peng, H.-C.; Zhou, S.; Lee, C.-T.; Bao, S.; Lee, Y.-H.; Wu, J.-M.; 

Xia, Y., Toward a Quantitative Understanding of the Reduction Pathways of a Salt 

Precursor in the Synthesis of Metal Nanocrystals. Nano Lett. 2017, 17 (1), 334-340. 

153. Perala, S. R. K.; Kumar, S., On the Two-Step Mechanism for Synthesis of 

Transition-Metal Nanoparticles. Langmuir. 2014, 30 (42), 12703-12711. 

154. Ostwald, W., Z. phys. Chem. Stöchiometrie Verwandtschaftslehre 1900, 34, 495. 

155. Lee, W.-r.; Kim, M. G.; Choi, J.-r.; Park, J.-I.; Ko, S. J.; Oh, S. J.; Cheon, J., 

Redox−Transmetalation Process as a Generalized Synthetic Strategy for Core−Shell 

Magnetic Nanoparticles. J. Am. Chem. Soc. 2005, 127 (46), 16090-16097. 

156. Shimpi, J. R.; Sidhaye, D. S.; Prasad, B. L. V., Digestive Ripening: A Fine 

Chemical Machining Process on the Nanoscale. Langmuir. 2017, 33 (38), 9491-9507. 

157. Li, T.; Senesi, A. J.; Lee, B., Small Angle X-ray Scattering for Nanoparticle 

Research. Chem. Rev. 2016. 



59 

 

158. Pauw, B. R., Everything SAXS: small-angle scattering pattern collection and 

correction. J. Phys.: Condens. Matter 2013, 25 (38), 383201. 

159. Dreiss, C. A.; Jack, K. S.; Parker, A. P., On the absolute calibration of bench-top 

small-angle X-ray scattering instruments: a comparison of different standard methods. 

J. Appl. Crystallogr. 2006, 39, 32-38. 

160. Wang, J.; Winans, R. E.; Seifert, S.; Lee, B.; Anderson, S. L., Characterization of 

Pd nanoparticles by small angle and high energy wide angle X-ray scattering. 

Abstracts of Papers of the American Chemical Society 2011, 241. 

161. Cormary, B.; Li, T.; Liakakos, N.; Peres, L.; Fazzini, P.-F.; Blon, T.; Respaud, 

M.; Kropf, A. J.; Chaudret, B.; Miller, J. T.; Mader, E. A.; Soulantica, K., Concerted 

Growth and Ordering of Cobalt Nanorod Arrays as Revealed by Tandem in Situ 

SAXS-XAS Studies. J. Am. Chem. Soc. 2016, 138 (27), 8422-8431. 

162. Henkel, A.; Schubert, O.; Plech, A.; Sonnichsen, C., Growth Kinetic of a Rod-

Shaped Metal Nanocrystal. Journal of Physical Chemistry C 2009, 113 (24), 10390-

10394. 

163. Cheong, S.; Watt, J.; Ingham, B.; Toney, M. F.; Tilley, R. D., In Situ and Ex Situ 

Studies of Platinum Nanocrystals: Growth and Evolution in Solution. J. Am. Chem. 

Soc. 2009, 131 (40), 14590-14595. 

164. van der Stam, W.; Rabouw, F. T.; Geuchies, J. J.; Berends, A. C.; Hinterding, S. 

O. M.; Geitenbeek, R. G.; van der Lit, J.; Prévost, S.; Petukhov, A. V.; de Mello 

Donega, C., In Situ Probing of Stack-Templated Growth of Ultrathin Cu2–xS 

Nanosheets. Chem. Mater. 2016, 28 (17), 6381-6389. 



60 

 

165. Manocchi, A. K.; Seifert, S.; Lee, B.; Yi, H., In Situ Small-Angle X-ray 

Scattering Analysis of Palladium Nanoparticle Growth on Tobacco Mosaic Virus 

Nanotemplates. Langmuir. 2011, 27 (11), 7052-7058. 

166. Sun, Y. G.; Ren, Y., In Situ Synchrotron X-Ray Techniques for Real-Time 

Probing of Colloidal Nanoparticle Synthesis. Particle & Particle Systems 

Characterization 2013, 30 (5), 399-419. 

167. Koerner, H.; MacCuspie, R. I.; Park, K.; Vaia, R. A., In Situ UV/Vis, SAXS, and 

TEM Study of Single-Phase Gold Nanoparticle Growth. Chem. Mater. 2012, 24 (6), 

981-995. 

168. Polte, J.; Ahner, T. T.; Delissen, F.; Sokolov, S.; Emmerling, F.; Thünemann, A. 

F.; Kraehnert, R., Mechanism of Gold Nanoparticle Formation in the Classical Citrate 

Synthesis Method Derived from Coupled In Situ XANES and SAXS Evaluation. J. 

Am. Chem. Soc. 2010, 132 (4), 1296-1301. 

169. Ortiz, N.; Hammons, J. A.; Cheong, S.; Skrabalak, S. E., Monitoring Ligand-

Mediated Growth and Aggregation of Metal Nanoparticles and Nanodendrites by In 

Situ Synchrotron Scattering Techniques. ChemNanoMat 2015, 1 (2), 109-114. 

170. Lassenberger, A.; Grünewald, T. A.; van Oostrum, P. D. J.; Rennhofer, H.; 

Amenitsch, H.; Zirbs, R.; Lichtenegger, H. C.; Reimhult, E., Monodisperse Iron 

Oxide Nanoparticles by Thermal Decomposition: Elucidating Particle Formation by 

Second-Resolved in Situ Small-Angle X-ray Scattering. Chem. Mater. 2017, 29 (10), 

4511-4522. 



61 

 

171. Sant, S. B., Nanoparticles: From Theory to Applications AU - Sant, Sudhindra B. 

Mater. Manuf. Processes 2012, 27 (12), 1462-1463. 

172. Polte, J.; Erler, R.; Thünemann, A. F.; Sokolov, S.; Ahner, T. T.; Rademann, K.; 

Emmerling, F.; Kraehnert, R., Nucleation and Growth of Gold Nanoparticles Studied 

via in situ Small Angle X-ray Scattering at Millisecond Time Resolution. ACS Nano 

2010, 4 (2), 1076-1082. 

173. Liu, Q.; Gao, M.-R.; Liu, Y.; Okasinski, J. S.; Ren, Y.; Sun, Y., Quantifying the 

Nucleation and Growth Kinetics of Microwave Nanochemistry Enabled by in Situ 

High-Energy X-ray Scattering. Nano Lett. 2016, 16 (1), 715-720. 

174. Sun, Y.; Zuo, X.; Sankaranarayanan, S. K. R. S.; Peng, S.; Narayanan, B.; 

Kamath, G., Quantitative 3D evolution of colloidal nanoparticle oxidation in solution. 

Science 2017, 356 (6335), 303-307. 

175. Abécassis, B.; Bouet, C.; Garnero, C.; Constantin, D.; Lequeux, N.; Ithurria, S.; 

Dubertret, B.; Pauw, B. R.; Pontoni, D., Real-Time in Situ Probing of High-

Temperature Quantum Dots Solution Synthesis. Nano Lett. 2015, 15 (4), 2620-2626. 

176. Peng, S.; Okasinski, J. S.; Almer, J. D.; Ren, Y.; Wang, L.; Yang, W.; Sun, Y., 

Real-Time Probing of the Synthesis of Colloidal Silver Nanocubes with Time-

Resolved High-Energy Synchrotron X-ray Diffraction. J. Phys. Chem. C 2012, 116 

(21), 11842-11847. 

177. Takesue, M.; Tomura, T.; Yamada, M.; Hata, K.; Kuwamoto, S.; Yonezawa, T., 

Size of Elementary Clusters and Process Period in Silver Nanoparticle Formation. J. 

Am. Chem. Soc. 2011, 133 (36), 14164-14167. 



62 

 

178. St. John, S.; Hu, N.; Schaefer, D. W.; Angelopoulos, A. P., Time-Resolved, in 

Situ, Small- and Wide-Angle X-ray Scattering To Monitor Pt Nanoparticle Structure 

Evolution Stabilized by Adsorbed SnCl3– Ligands During Synthesis. J. Phys. Chem. 

C 2013, 117 (15), 7924-7933. 

179. Ingham, B., X-ray scattering characterisation of nanoparticles. Crystallography 

Reviews 2015, 21 (4), 229-303. 

180. Wuithschick, M.; Birnbaum, A.; Witte, S.; Sztucki, M.; Vainio, U.; Pinna, N.; 

Rademann, K.; Emmerling, F.; Kraehnert, R.; Polte, J., Turkevich in New Robes: Key 

Questions Answered for the Most Common Gold Nanoparticle Synthesis. ACS Nano 

2015, 9 (7), 7052-7071. 

181. Chen, X.; Schröder, J.; Hauschild, S.; Rosenfeldt, S.; Dulle, M.; Förster, S., 

Simultaneous SAXS/WAXS/UV–Vis Study of the Nucleation and Growth of 

Nanoparticles: A Test of Classical Nucleation Theory. Langmuir. 2015, 31 (42), 

11678-11691. 

182. Abécassis, B.; Testard, F.; Spalla, O.; Barboux, P., Probing in situ the Nucleation 

and Growth of Gold Nanoparticles by Small-Angle X-ray Scattering. Nano Lett. 

2007, 7 (6), 1723-1727. 

183. Steinfeldt, N., In Situ Monitoring of Pt Nanoparticle Formation in Ethylene 

Glycol Solution by SAXS—Influence of the NaOH to Pt Ratio. Langmuir. 2012, 28 

(36), 13072-13079. 

184. Kwon, S. G.; Krylova, G.; Phillips, P. J.; Klie, R. F.; Chattopadhyay, S.; Shibata, 

T.; Bunel, E. E.; Liu, Y.; Prakapenka, V. B.; Lee, B.; Shevchenko, E. V., 



63 

 

Heterogeneous nucleation and shape transformation of multicomponent 

metallic nanostructures. Nat Mater 2015, 14 (2), 215-223. 

185. Stehle, R.; Goerigk, G.; Wallacher, D.; Ballauff, M.; Seiffert, S., Small-angle X-

ray scattering in droplet-based microfluidics. Lab on a Chip 2013, 13 (8), 1529-1537. 

186. Amstad, E.; Gopinadhan, M.; Holtze, C.; Osuji, C. O.; Brenner, M. P.; Spaepen, 

F.; Weitz, D. A., Production of amorphous nanoparticles by supersonic spray-drying 

with a microfluidic nebulator. Science 2015, 349 (6251), 956-960. 

187. Polte, J.; Erler, R.; Thünemann, A. F.; Emmerling, F.; Kraehnert, R., SAXS in 

combination with a free liquid jet for improved time-resolved in situ studies of the 

nucleation and growth of nanoparticles. Chem. Commun. 2010, 46 (48), 9209-9211. 

188. Bentrup, U.; Radnik, J.; Armbruster, U.; Martin, A.; Leiterer, J.; Emmerling, F.; 

Brückner, A., Linking Simultaneous In Situ WAXS/SAXS/Raman with 

Raman/ATR/UV–vis Spectroscopy: Comprehensive Insight into the Synthesis of 

Molybdate Catalyst Precursors. Top. Catal. 2009, 52 (10), 1350-1359. 

189. Khodakov, A. Y.; Zholobenko, V. L.; Impéror-Clerc, M.; Durand, D., 

Characterization of the Initial Stages of SBA-15 Synthesis by in Situ Time-Resolved 

Small-Angle X-ray Scattering. The Journal of Physical Chemistry B 2005, 109 (48), 

22780-22790. 

190. Orthaber, D.; Bergmann, A.; Glatter, O., SAXS experiments on absolute scale 

with Kratky systems using water as a secondary standard. J. Appl. Crystallogr. 2000, 

33 (2), 218-225. 



64 

 

191. Zhang, F.; Ilavsky, J.; Long, G. G.; Quintana, J. P. G.; Allen, A. J.; Jemian, P. R., 

Glassy Carbon as an Absolute Intensity Calibration Standard for Small-Angle 

Scattering. Metallurgical and Materials Transactions A 2010, 41 (5), 1151-1158. 

 

  



65 

 

3. Methodology 

 

Scheme 3.1 Methodology of study on connecting metal-ligand interactions and synthesis 

kinetics 

 

 

Scheme 3.1 shows the overall methodology of correlating metal-ligand interaction and 

nucleation and growth kinetics. The synthesis kinetics can be captured by in-situ small 

angle X-ray scattering and complemented by the kinetic modeling to extract and 

deconvolute the nucleation and growth rates and to further clarify the kinetic trending to 

different synthesis conditions. On the other hand, the ligand-metal binding products are 

characterized using nuclear magnetic resonance (NMR) and X-ray absorption fine structure 

(XAFS), and the binding strength will be quantified based on thermodynamic binding 

properties by isothermal titration calorimetry (ITC) complemented with density functional 

theory (DFT) calculations. A correlation between the kinetics and ligand-metal binding 

will be established to elucidate the ligand functionality. Synthesis and morphology 

modification by varying the synthesis conditions 

A heat-up method50 was used in the synthesis procedure due to the simplicity, 

controllability, and reproducibility of the method. The precursor is dissolved in the solvent, 
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and the ligand is subsequently added. Previous studies demonstrate that the ligand initially 

interacts and binds to the metal precursors to form metal-ligand complexes13, 28, 32, 34, 51. 

Once the solution is heated up, the reaction will be triggered through the reduction of the 

precursor followed by nucleation. During these two steps, the ligands will partially or 

completely dissociate from the precursor. Moreover, those released free ligands could cap 

on the particle surface and slow the growth35, resulting in nanoparticles stabilized by the 

ligands.  

The nanoparticle size is tunable by adjusting the solvent type17-19, 52 (e.g., coordinating and 

non-coordinating solvents), precursor (different types of palladium complexes), ligand 

concentrations27, 53-55 and temperature29. The final size, size distribution, and shape will be 

characterized by transmission electron microscopy (TEM), as well as small angle X-ray 

scattering which can also obtain the particle concentration and extent of reaction 

(percentage of Pd reacted and formed nanoparticles). 

Kinetic study: in-situ nucleation and growth rates capture and deconvolution 

In-situ small angle X-ray scattering (SAXS) has been widely used in acquiring the 

evolution of nanoparticle size and shape during the synthesis31, 35, 39, 56-58. It is also an 

important tool in tracking the particle concentration, especially in dilute system59. In this 

study, a batch reactor equipped with a programmed pumping system60 was used to pump a 

small aliquot of sample from the reactor into a small capillary and back to the reactor every 

few seconds. The X-ray beam will go through the capillary for SAXS measurement without 

affecting the bulk reaction solution. The scattering data can be collected and fit using 

appropriate models to extract the particle size and concentration. Without a considerable 

number of agglomeration events (in which a few particles will form one larger particle, and 
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the number of particles decreases with time) happening in the solution, the particle 

concentration and particle size changing with time corresponding to the nucleation and 

growth rates. 

Synchrotron in-situ SAXS techniques for capturing the nanoparticle synthesis 

kinetics  

Experimental setup 

Small-angle X-ray scattering is a characterization tool for diverse material structures157. 

Synchrotron SAXS technique can realize fast data acquisition in real time which is desired 

in kinetic studies of nanomaterial synthesis. The high penetration158 of X-rays enables 

researchers to obtain detailed structural information in the angstrom scale coupled with 

wide-angle X-ray scattering, including mean particle size, size distribution, and 

morphology. Different from electron microscopic techniques, the in-situ SAXS can be 

easily conducted to the original liquid sample during the synthesis in most conditions. The 

data can be collected upon a sample directly taken from the original reaction solution 

without any further handling which can be representative of the whole sample. Moreover, 

an absolute calibrated spectrum contains information about the concentration of scatterer 

(particle)158-159, which is a great advantage in studying nucleation kinetics. Therefore, 

SAXS has been advancing the study in the colloidal nucleation and growth kinetics19, 28, 30-

31, 58-59, 63, 130, 158, 160-183, especially in metal particulate systems which usually has strong X-

ray scattering due to the heavy elemental nature. 

Despite the advent of synchrotron SAXS application on characterizing colloidal 

nanoparticles, there are several things that should be taken into account. Though the high-

flux of the X-ray beam can offer a high time resolution for data collection, could induce 
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unexpected reactions, most commonly agglomeration, aggregation, or reconstruction of 

nanocrystals. These combined influences, typically named “beam damage” 157, may bring 

huge discrepancies to the nanostructure from the real reaction. When designing the reaction 

and measurement setup in a synchrotron beamline, one should carefully consider 

eliminating these flaws based on the specific reaction systems of interest through controlled 

experiments of comparing in-situ and ex-situ synthesis reactions. On the other hand, during 

in-situ SAXS studies of colloidal nanoparticle synthesis, the representative samples for 

measurement are typically held or introduced into a quartz capillary (usually 1.5 – 2.0 mm 

inner diameter) for the measurement.  Some setups directly use the capillary as the 

synthesis reactor where there might be diffusion limitation due to the lack of mixing or 

stirring, which will affect the kinetics. Since the solution stays static in the capillary, at the 

measurement point, the solution will be continuously exposed to X-ray, which will increase 

the risk of beam damage. Therefore, it is always suggested to conduct the reaction in its 

original reactor, and transfer a small portion of reaction solution using a flow system into 

the capillary for measurement and the fast mixing and introduction of the new sample as 

well as the flow of solution avoids repeated exposure and beam damage. It has to be noted 

that the sample taken into the capillary should be representative of the whole sample. When 

quantifying the particle concentration, the reaction solution volume should be kept constant 

so the actual number of particles can always be known.   

Among various developed setups, a few representatives are shown in Figure 3.1140, 157, 184. 

Kwon et al.184 developed a sampling method (in Figure 3.1a) to observe the formation of 

core-shell Au-Pt bell shape of nanoparticles through Au ion reduction on Pt seeds. The 

setup takes a small aliquot of reaction solution into the capillary periodically using a 
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programmed syringe pump, with beam shutter opening simultaneously when the solution 

flows through the capillary. Karim et al.140 developed a microfluidic reactor (in Figure 3.1b) 

with heating. Once the reaction solution flows through the reactor, the measurements were 

conducted in sequence at each position along the channel which corresponds to a reaction 

status at a different time. Other microfluidic devices have also been developed for 

multiphase reaction185 and supersonic spray-drying synthesis186. Another common type of 

setup enables continuous sampling, which moves the solution through a channel along 

which multi-measurements can be performed including WAXS, Raman, XAS (X-ray 

absorption spectroscopy), Uv-vis and IR (Infrared) spectroscopy187-188. Khodakov et al.189 

cycled the reaction solution through the beam path and the capillary (reactor) during the 

reaction (in Figure 3.1c).  Polte et al.187 designed a setup where the flow can drop through 

a windowless measurement region (by gravity) where the beam goes through to avoid 

window contamination. 
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Figure 3.1 (a) Experimental setup of a sampling method for in situ SAXS/WAXS. 

Reprinted with permission from ref 157. Copyright 2016 American Chemical Society. 

Modified with permission from ref 184. Copyright 2015 Nature Publishing Group. (b) 

Microfluidic reactor for millisecond time-resolved SAXS and XAS studies of nanoparticles 

synthesis. Reprinted from ref 140. Copyright 2015 American Chemical Society. (c) 

Experimental setup for in situ SAXS/WAXS measurements. Reprinted from ref 189. 

Copyright 2005 American Chemical Society. 

 

SAXS data analysis 

SAXS data analysis for colloidal nanoparticles typically includes a few steps: data 

processing, background subtraction, absolute calibration if the actual number of particles 

is needed, and data fitting with appropriate models decided by nanoparticle morphologies. 
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Figure 3.2 shows a schematic illustration of the beamline at 12-ID-B in Argonne Photon 

Source157. The beam goes through the sample after being aligned by the slits, and the 

scattering pattern was collected on the 2D detector. The two monitors m1 and m2 are used 

to correct for the incoming flux and normalize the sample transmittance. 

 

Figure 3.2 Schematic for the optical components of the 12ID-B SAXS beamline at the 

Advanced Photon Source (APS). 157 Reprinted with permission from ref 157. Copyright 

2016 American Chemical Society. 

 

The 2D pattern is then corrected through a series of procedures (dark current subtraction, 

image distortion, linearity, and flat field corrections), typically automated and completed 

at the beamline computer right after each measurement. For uniform colloidal 

nanoparticles, the two-dimensional 2D image is isotropic along the radial direction. Thus 

the position of each pixel can be represented using the scattering the angle 2θ, or more 

commonly, the wave vector q = 4πsin(θ)/λ based on polar coordinates. The 2D patterns are 

then averaged azimuthally to a one-dimensional (1D) curve.  
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To obtain pure nanoparticle scattering, it is necessary to conduct background subtraction. 

The X-ray typically goes through optical windows, air, the cell, and the solvent. The 

background can be simply collected by solely measuring the solvent solution using the 

same setup (same beam setup and the same sample cell and measurement position) and 

parameters (including exposure time). After the same 2D data reduction procedures, the 

1D curve of the solvent can be simply subtracted from the 1D curve of the sample. 

The unit of the scattering intensity, I, is a quantity in arbitrary unit proportional to the 

number of photons that arrive at the detector. For the same sample, the scattering intensity 

may vary with the mechanical setup of the systems and the sample thickness. It is important 

to to normalize the intensity to an absolute scale (differential scattering cross section)of the 

sample to eliminate these system quantities, i.e., cancel out the specific system parameters 

by an absolute factor An indirect method is conveniently used using a standard with known 

absolute intensity to calculate the total scaling factor for a specific system159, 190, such as 

water190 and glassy carbon191. The relation between the absolute intensity（
dΣ

dΩ
(q)） and 

the background subtracted intensityI(q) is as the following equation: 

dΣ

dΩ
(q) =

dΣ

dΩS

dSI(q)m1s
dISm1

 

Here, 
dΣ

dΩS
 is the known absolute intensity of the standard, dS is the standard thickness, d is 

the sample thickness, I(q) is the sample scattering intensity after background subtraction, 

IS is the standard scattering intensity after background (empty cell scattering) subtraction 

which is constant at a specific q range, m1s is the upstream monitor value when measuring 

the standard sample, and m1 is the upstream monitor value when measuring the sample. 

The equation can be re-written in terms of the scale factor CF: 
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CF =

dΣ
dΩ
(q)

I(q)
=
dS
dΣ
dΩS

m1s

dISm1
 

When doing the calibration measurement, it is required to use the same sample cell and 

measure at the same points for sample and solvent. Thus dS = d, and m1s = m1, and the 

equation can be simplified to: 

CF =

dΣ
dΩS
IS

 

Both 
dΣ

dΩS
 and IS are known, so the CF can be calculated, and further the 

dΣ

dΩ
(q): 

dΣ

dΩ
(q) = (CF)I(q) 

SAXS data fitting 

It has to be emphasized that before using any models for data fitting, some morphologic 

information on the characterized material has to be acquainted as a general rule of most 

material characterization techniques. The simplest situation of the colloidal nanoparticles 

involves a dilute system with no strong particle interactions, and with single size 

distribution. Figure 3.3 shows a representative spectrum of colloidal Pd nanoparticles 

synthesized in pyridine: hexanol = 1:1 using trioctylphosphine ligand. The data (blue dots) 

was processed after background subtraction and absolute calibration, and fitted with the 

Schultz polydisperse spherical model. The extrapolation of the fitting curve to the q = 0 

point contains the information of the number of scatterers (particles) in the solution. By 

fitting the data, the particle concentration can be obtained, where further details for the 

fitting procedures can be found in Chapter 7 and SI Chapter 8.  
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Figure 3.3 Representative SAXS spectrum of Pd colloidal nanoparticles synthesized in 

pyridine:hexanol = 1:1. The mean size is 4.8 nm, and the polydispersity is 14 % from the 

fitting result. Blue dots are the original spectrum after background subtraction; the solid 

red curve is the fitting using Schultz polydisperse spherical model; and the dash red line 

shows the extrapolation to q = 0 of the fitting curve. 

Thermodynamic study: ligand-metal interaction and binding equilibrium 

quantification 

Isothermal titration calorimetry (ITC) is a highly sensitive technique capable of 

measuring the heat change in solution phase61, initially developed in studies of 

thermodynamic interactions of bimolecular titrates and titrants62-63. In recent years, 

ITC has been explored by a few pioneering researchers to investigate metal-ligand 

interactions49, 64-66. The measured thermodynamics of the metal-ligand binding 

offered valuable insights on not only the stability (equilibrium) of the metal-ligand 

binding, but more importantly, the enthalpic and entropic contributions to the 

reaction free energy which cannot be directly quantified using other common 
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techniques (e.g., nuclear magnetic resonance, spectrophotometry or potentiometry). 

Here, ITC can be employed to measure the Gibbs free energy, enthalpy, entropy and 

binding ratio (mole of ligand binding to each metal site). Complemented by other 

techniques (X-ray absorption fine structure (XAFS) measurement, ultraviolet-

visible (Uv-vis) measurement, nuclear magnetic resonance (NMR)) and density 

functional theory (DFT) calculations, the binding product can be identified, and the 

ligand-metal reaction pathway can be further understood. 
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Abstract 

Palladium acetate trimer, Pd3(OAc)6, is a common precursor for Pd nanoparticle synthesis 

and an important pre-catalyst for homogeneous catalysis reactions. Added ligands (L, e.g., 

phosphines) are well-known to dissociate the Pd3(OAc)6 trimer into Pd(OAc)2 monomers 



90 

 

and form Pd(OAc)2(L)2 complexes. Despite the importance of the trimer dissociation and 

ligand-monomer binding thermodynamics on the properties of the resulting Pd complex, 

little is known about either reaction. Using a combination of isothermal titration 

calorimetry (ITC), X-ray absorption fine structure (XAFS) and 31P nuclear magnetic 

resonance (31P NMR) on trimer samples containing monomer impurities, we developed a 

methodology and a trimer-monomer ITC model to obtain the Gibbs free energy, enthalpy 

and entropy for both reactions in toluene and quantify the monomer content. The results 

provide the following, previously inaccessible, quantitative insights on the reactions. 

Trioctylphosphine (TOP)-monomer binding reaction is enthalpically driven (ΔH = − 187 

± 8 kJ / mol), but the entropy loss due to binding (− TΔS = 84 ± 8 kJ / mol) was significant. 

On the other hand, while the trimer dissociation is enthalpically uphill (ΔH = 323 ± 35 kJ 

/ mol), the increase in entropy due to the formation of monomers was very large (− TΔS = 

− 266 ± 35 kJ / mol). The entropy gains and losses for both reactions have major 

contributions to each reaction Gibbs free energy and almost compensate for each other, 

making the overall reaction (i.e. Pd3(OAc)6 + 6 TOP ↔ 3 Pd(OAc)2(TOP)2) enthalpically 

driven. The results show the importance of determining the relative enthalpy and entropy 

contributions to the free energies for the complete thermochemical cycle of Pd acetate 

trimer dissociation and reaction with TOP. The methodology can be generalized to other 

ligands and metal or non-metal homopolymers to obtain detailed thermochemistry of 

thermodynamically or kinetically unfavorable reactions.  
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Introduction 

Palladium acetate is widely used as a precursor for the synthesis of colloidal Pd 

nanoparticles1-3, and is one of the pre-catalysts4-5 of great interests for homogeneous 

reactions. It is known to exist as a trimer in non-coordinating solvents (e.g. benzene and 

toluene)6-8 with an idealized D3h-symmetrical cyclic structure of bridging acetate anions 

between adjacent Pd atoms9-13 (trimer molecular structure in Scheme 4.1 and in Figure 5.1). 

The stability and configuration of the metal complex and the ligand-complex14-16 

interactions in specific solvent environments have significant effects on the Pd nanoparticle 

synthesis kinetics1 and catalytic properties15, 17-20. However, little is known about the 

Pd3(OAc)6 trimer’s dissociation into monomers in a nucleophilic environment and the 

binding of such monomers with donor ligands (e.g., phosphines). Challenges of such 

dissociation studies are: 1) The comparatively high thermodynamic stability of Pd3(OAc)6 

trimer in a non-coordinating solvent, and 2) even mild heating to facilitate the dissociation 

can lead to simultaneous reduction of Pd(II) into Pd(0)21. On the other hand, coordinating 

solvents (e.g., pyridine) can break the trimers and form Pd(OAc)2(solv)2 monomers, which 

makes the phosphine ligand binding to Pd a ligand substitution instead of the ideal 

Pd(OAc)2-phosphine binding7, 22. The substitution may also modify the electronic 

properties of the Pd center and trigger other undesired reactions16, 23-27.  Therefore, a direct 

method for measurements of Pd3(OAc)6 dissociation and consecutive binding of Pd(OAc)2 

with ligands is required. 

Isothermal titration calorimetry (ITC) is a highly sensitive technique capable of measuring 

the heat change in solution phase28-29, initially developed in binding thermodynamic studies 

of biomolecules30-33. In recent years, ITC has been explored by a few pioneering 
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researchers to investigate metal-ligand interactions34-43. In 1978, Graddon et al.34 reported 

using calorimetric titration method to measure the enthalpy and Gibbs free energy of 

Hg(CN)2 binding with different amine and pyridine base derivatives, and systematically 

compared the stability of formed complexes based on the binding heat. Later, several 

reports focused on bimolecular ligand binding to metal ions in aqueous phase using 

spectroscopy with a combination of ITC as a more quantitative complementary technique. 

Some metals, Zn2+ 44-47, Cu2+ 48, Ni2+ 48, Cd2+ 49, and Mn2+ 49 have been studied to 

understand the mechanisms of metal ions storage and delivery by biomolecules. Moschetta 

et al.35-36 used ITC to characterize the binding of PdCl2 with PPh3 and bidentate phosphine 

ligands in different solvents. The measured thermodynamics of the metal-ligand binding 

offered valuable insights not only into the stability of the metal-ligand bonding, but more 

importantly, into the enthalpic and entropic contributions to the reaction free energy which 

cannot be directly quantified using other common techniques50-51 (e.g. nuclear magnetic 

resonance52-53, spectrophotometry54 or potentiometry55). However, current ITC fitting 

models56-58 can be only applied to simple association reactions and the measurable 

thermodynamic values are typically limited to a narrow range59, with association 

equilibrium constant within around 1 x 102 - 1 x 109 M-1 (dissociation constant 1 x 10-2 - 1 

x 10-9 M) for each binding site. Measuring a much lower dissociation equilibrium constant 

of highly stable complex as Pd3(OAc)6 is limited by the low concentration needed for the 

titrate and small injection volumes into the solvent, making it difficult to detect the 

dissociation heat. 

In this work, we report an ITC methodology to simultaneously determine the reaction 

equilibrium constant (K), enthalpy (ΔH) and entropy (ΔS) of both Pd3(OAc)6 trimer 
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dissociation and trioctylphosphine (TOP) binding with Pd(OAc)2 monomers in organic 

phase. TOP was chosen as a model ligand for studying the dissociation of Pd acetate and 

its binding with the ligand, due to its application in Pd nanoparticle catalyst synthesis using 

palladium carboxylates60-64. Additionally, TOP-Pd acetate is a more stable complex 

compared with aromatic phosphines (e.g. triphenylphosphine) which can trigger Pd 

reduction at room temperature24. Though the trimer dissociation is thermodynamically 

unfavorable, we took advantage of the TOP-induced trimer dissociation to measure the 

thermodynamics of the overall reaction (Scheme 1a) using ITC by titrating TOP into a pure 

Pd3(OAc)6 trimer sample (in the form of a solution in a non-coordinating solvent). ITC 

experiments using Pd3(OAc)6 trimer sample containing Pd(OAc)2 monomer impurities 

allowed us to develop a trimer-monomer ITC model (Scheme 4.1b) to extract the 

thermodynamic properties for the trimer dissociation and TOP-monomer binding reactions. 

The work provides previously inaccessible insights on the thermodynamics of Pd acetate 

trimer dissociation and binding with TOP and show the importance of entropic 

contributions to the reaction free energies. 
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Scheme 4.1 (a) TOP (PR3) titrating Pd3(OAc)6 trimers. Independent model is used to obtain 

TOP-trimer reaction equilibrium constant (𝐾1 ) and enthalpy (∆H1); (b) TOP titrating 

Pd3(OAc)6 trimers with Pd(OAc)2 monomer impurities. Trimer-monomer model is used to 

extract thermodynamic properties of TOP-monomer binding and trimer dissociation 

(dissociation has a very low equilibrium constant). In the ball-and-stick molecular models, 

blue - palladium atom; red - oxygen atom; grey - carbon atom. Hydrogen atoms are not 

shown in the structure. 

Materials and Methods 

Materials  

Trioctylphosphine (Sigma-Aldrich, 97 %) was used after distillation. The distillate above 

192 °C was collected and stored in the glovebox. Glacial acetic acid (SIGALD, 99.99%) 
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and toluene (SIAL, anhydrous, 99.8%) were used without further purification. Palladium 

acetate (Sigma-Aldrich, 99.9 %) was used for the preparation of pure Pd3(OAc)6 (pure in-

house batch) and Pd3(OAc)6 with Pd(OAc)2 monomer impurities (impure in-house batch) 

from recrystallization. Recrystallized palladium acetate (Sigma-Aldrich, 97 %) was used 

as another batch of pure Pd3(OAc)6 (pure Sigma-Aldrich batch) for the reproducibility test 

for ITC experiments. The existence of monomer, as well as in the original Sigma-Aldrich 

non-recrystallized palladium acetate (impure Sigma-Aldrich batch) was determined using 

infrared spectroscopy (Figure 5.5). 

Palladium acetate recrystallization  

The palladium acetate recrystallization follows the same procedures as previously 

reported1, 71. The recrystallized palladium acetate pure trimers (shown in Figure 5.12) were 

stored in the nitrogen glovebox. The impure samples were obtained through the same 

recrystallization procedure, however, the origin of monomer impurities has not been 

identified and is currently being investigated.  

Nuclear magnetic resonance (NMR) measurements 

Deuterated toluene-d8 (Alfa Aesar, 99.6 %) was used for 31P NMR measurements after 

degassing with nitrogen at 10 mL/min. For each sample, 0.7 mL freshly made solution with 

25 mM palladium acetate was loaded in NMR tubes in the nitrogen glovebox, and sealed 

with rubber septa. All the measurements were taken directly after the appropriate amount 

of ligand was added and mixed in the NMR tube. One-dimensional 31P NMR spectra with 

proton decoupling were acquired on a Bruker AVANCE II 202.47 MHz system at 25 °C. 

The instrument was equipped with a 5 mm broad band prodigy cryo probe. 31P NMR 

parameters included a total of 256 transients, 64 K data points, spectral width of 59.5 kHz 
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and a relaxation delay of 5.0 s between the transients. Apodization corresponding to a line 

broadening of 1.0 Hz was applied before Fourier Transformation. Resonances were 

assigned based on the chemical shift position of external standard 85% H3PO4 singlet at 0 

ppm.  

ITC experimental procedures  

ITC experiments were performed using a TAM III calorimeter (TA Instruments, New 

Castle, DE). The reliability of the instrument measurement especially the first titration heat 

was tested with Ba2+ titrating 8-crown-6 in water (see Figure 5.10). The calorimeter is 

equipped with two 1 ml hastelloy cells (sample cell and reference cell) and 250 μL syringe 

with a titration cannula.  All the titration experiments were conducted at 25 °C under 100 

rpm stirring using dynamic correction mode. Anhydrous toluene was degassed with 10 mL 

/ min nitrogen for 30 min before use. All agents were mixed and loaded in nitrogen 

atmosphere to avoid oxygen contact since TOP can be easily oxidized when exposed to air. 

For each experiment, 750 μL Pd acetate (1 mM unless otherwise mentioned) dissolved in 

toluene was loaded in the sample cell, and the same amount of solvent (750 μL) was loaded 

in the reference cell. 250 μL TOP (15 mM unless otherwise mentioned) in toluene was 

loaded into the syringe. The experiment started after the power rating baseline reached a 

steady-state. In each titration, 3.5 – 5.0 μL of ligand solution was injected into the sample 

solution under 100 rpm stirring within 10 s. The detailed concentrations and other 

experiment parameters of each experiment are shown in Table 5.1 (volume of Pd acetate 

solution Vsample, volume of ligand solution in each injection Vinj, total number of injections 

Ninj, interval time between consecutive injections tinj). The heat generated from each 

titration was measured and is shown as a positive peak for exothermic and negative peak 
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for endothermic enthalpies. The next titration started after the heat flow reached a stable 

baseline which for the reported experiments was 30 min. Blank titration experiments were 

also performed with the same titration parameters to measure the heat of mixing by titrating 

a ligand solution into the pure solvent.  The heat from the blank experiment was later 

subtracted from ligand-Pd acetate heat of reaction to account for the heat of mixing. 

ITC models and fitting  

For the ITC experimental results of pure batches of Pd3(OAc)6, the fit was performed in 

both NanoAnalyze software (TA Instruments, New Castle, DE) and Microsoft Excel using 

independent model equations56. Both software gave highly consistent fitting results (see 

representative fitting result comparison in Figure 5.12 and Table 5.12). The reported results 

were from Microsoft Excel fitting with minimizing the normalized mean square residuals. 

The uncertainty analysis was done with NanoAnalyze (see details in Chapter 5 for SI). For 

the ITC experimental results of pure batches of Pd3(OAc)6, the fit was performed in 

Microsoft Excel using GRG non-linear solver and independent model equations which 

were developed by Freire et al.56 in the 1990s, and have been accepted as universal 

equations. For the ITC experimental results of impure batches of Pd3(OAc)6, a code was 

developed in Matlab to fit the the measured heat of reaction by changing the initial trimer 

concentration ([𝐴3]0), TOP-monomer binding reaction enthalpy (ΔH3), TOP-trimer overall 

reaction enthalpy (∆H1) and TOP-monomer binding equilibrium constant (𝐾3). Note that 

the results were almost identical whether ∆H1 was used as variable instead of fixing it to 

the ∆H1 from independent fitting for pure Pd3(OAc)6 ITC results. The model description is 

shown in the results section. The best fit was obtained by minimizing the normalized 

residual sum of squares.  
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DFT calculations  

The theoretical estimate of ΔH value for the trimer dissociation has been performed with 

Gaussian 1672 software suit. Structures of both Pd3(OAc)6 and Pd(OAc)2 have been 

optimized in toluene (CPCM model) using M062x hybrid functional73 and triple-zeta 

quality ECP basis set Def2TZVP74 on all atoms. Vibrational spectra were calculated using 

the optimized structured at the same level of theory. Five imaginary frequencies in the 

spectrum of Pd3(OAc)6 were found with the largest equal to 146i cm-1 and all of which 

correspond to vibrations of CH3 groups.  No imaginary vibrations were found in the 

spectrum of Pd(OAc)2. 

Results and Discussions 

Phosphine - Pd3(OAc)6 trimer binding product and ITC thermodynamic 

characterization.  

First, we characterized the binding product using 31P nuclear magnetic resonance (31P 

NMR, Figure 4.1) and X-ray absorption fine structure (XAFS) measurements (Figure 5.2 

and Table 5.1). The IR spectra of the pure and impure batches of Pd acetate are shown in 

Figure 5.2, and the characteristic peaks of Pd(OAc)2 and Pd3(OAc)6
6, 7

 are labeled. Both IR 

spectra for the two impure batches show significant peaks for terminal acetate in Pd(OAc)2 

monomers, i.e., νC-O at 1158 cm-1 and νC-CH3 at 860 cm-1, which indicates a higher content 

of Pd(OAc)2 monomers than the pure batches. Based on the low intensity of the monomer 

peaks, the impurities (monomer content) are low in both impure samples. The spectra do 

not show any significant characteristic peaks from other possible trimeric complexes8, 9 

(e.g., characteristic peak from Pd(OAc)5(NO2) at 1199 cm-1). In both EXAFS and XANES, 
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solid Pd3(OAc)6 and Pd3(OAc)6 dissolved in toluene show almost identical spectra, 

indicating the same molecular structure in both phases. The coordination number NPdP in 

the EXAFS fitting result indicates P binds to Pd at a ratio of 211, which is consistent with 

the 31P NMR results. 

The binding product of palladium acetate with different amounts of TOP in toluene-d8 was 

characterized using 31P NMR (see Figure 4.1). At 1 : 2 molar ratio of TOP to Pd, there was 

only one resonance peak detected at 10.3 ppm with no peaks of free TOP (at − 31.5 ppm). 

As the ratio of TOP : Pd increased from 1 : 2 to 2 : 1, the intensity of 10.3 ppm chemical 

shift increased with no additional signals appearing in the spectra. The absence of free TOP 

signal implies complete binding of the ligand to palladium acetate at all studied TOP : Pd 

ratios. Above ratio of 2, a peak for free TOP was detected (Figure 5.3). The 31P NMR result 

shows that TOP breaks the trimer and there is only one binding product, which is assigned 

to the square planar trans-Pd(OAc)2(TOP)2 based on literature reports16, 24, formation of 

Pd(0) (of which the phosphine peak would be much more upfield than phosphine on Pd(II)) 

or Pd-Pd bond formation (lack of Pd-Pd scattering, Figure 5.2c and d). Additionally, after 

aging overnight, the 31P NMR sample with TOP : Pd = 2 (Figure 5.4) showed the same 

trans-Pd(OAc)2(TOP)2 complex in the solution as the fresh sample, indicating no reduction 

or nucleation occurring within the ITC experimental time. In terms of the configuration of 

Pd(OAc)2(TOP)2 complex, according to the Cambridge Structural Database, no square 

planar complexes of Pd(II) with cis arrangement of two carboxylates and two other acyclic 

ligands are known. As one might expect, the steric influence of two carboxylates should 

destabilize their cis arrangement. Addition of two more neutral and usually bulkier ligands 

would only lead to further destabilization of the cis-isomer and trans ligand arrangement 
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would be more preferred. The results of our theoretical estimate of the energy difference 

between cis- and trans-isomers of Pd(OAc)2(PR3)2 are consistent with the conclusion about 

more stable trans isomer: they produce values 10 - 15 kcal in favor of the trans-isomer, 

depending on the substituent R (here R is CH2(CH2)6(CH)3) and the DFT functional used 

in the calculations (see ESI). The presence of only one product indicates that TOP induces 

the dissociation of Pd3(OAc)6 (Scheme 4.1) and the reaction can be described by the 

following equation: 

𝐴3  +  6𝐿
𝐾1
↔3𝐴𝐿2      ΔH1, ΔG1, TΔS1       𝐸𝑞. 1 

where 𝐴3, 𝐿, 𝐴𝐿2 represent Pd3(OAc)6 trimer, TOP and Pd(OAc)2(TOP)2, respectively.  

 

Figure 4.1 31P NMR (202.47 MHz) spectrum of (a) free TOP and TOP binding with 20 

mM Pd acetate in toluene-d8, with TOP : Pd at the ratio of (b) 1 : 2 (c) 1 : 1 (d) 2 : 1. 

First, we performed ITC of TOP titration into pure Pd3(OAc)6 solution in toluene to obtain 

the thermodynamic properties for the reaction in Eq. 1. A representative thermogram is 

shown in Figure 4.2(a). We used a low Pd acetate concentration to lower the fit uncertainty 

(see Table 5.2-5.4 for details and reproducibility using higher concentrations).  The 
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integrated negative heat of reaction shown in Figure 4.2(b) is indicative of an exothermic 

binding, and the curve shape corresponds to the independent binding model (all the binding 

sites have the same thermodynamic properties) which was used to fit the heat of reaction 

(fitting curve in Figure 4.2(b), solid line, see detailed equations in the ESI)28, 56. The 

extracted thermodynamic parameters for Eq. 1 are listed in Table 6.1. The results show that 

the reaction is exothermic with a small extent of entropy change. Additionally, the binding 

ratio of 1.9 indicates that TOP binds with two sites on each Pd simultaneously, in 

agreement with the observation by 31P NMR that Pd(OAc)2(TOP)2 is the only product. The 

results shown in Table 6.1 reveal higher enthalpic contribution (− 261 ± 3 kJ / mol) 

compared with that from entropy (− T∆S = 11 ± 10 kJ / mol), indicating that the overall 

ligand-induced reaction is mainly driven by the bond formation between the ligand and the 

metal center, instead of rearrangement of molecular entities. Further discussions of the 

thermodynamic properties will be shown in the following sections. 
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Figure 4.2 (a) ITC thermogram (positive heat flow is exothermic). Each peak corresponds 

to the heat flow (power change to maintain the same temperature between sample and 

reference cells) in each titration event. (b) Heat of reaction (dots, from the integrations) 

and independent model fit (solid black line) of TOP titrating pure Pd3(OAc)6 at 25 °C. 

Experimental parameters: 0.2 mM Pd, 5.0 mM TOP, 3.5 μL / injection, initial cell 

volume 750 μL. Time between two injections is 1800 s. 

 

Table 4.1 Thermodynamic parameters of TOP binding with recrystallized Pd3(OAc)6 at 

25 °C from the independent model corresponding to Figure 4.2. Uncertainty values were 

reported with a confidence level of 68.3 % (see Table 5.2 for details).   

K1 (M
-6) Binding ratio, n 

ΔH1 

(kJ/mol) 

ΔG1 

(kJ/mol) 

− TΔS1 

(kJ/mol) 



103 

 

(6.8 ± 18) × 1043 1.9 ± 0.01 -261 ± 3 -250 ± 7 11 ± 10 

 

Phosphine - Pd(OAc)2 monomer binding: ITC and extraction of thermodynamics 

using the trimer-monomer ITC model.  

The reaction in Eq. 1 can be split into two reactions: trimer dissociation into monomers 

(Eq. 2) and the monomer binding with TOP (Eq. 3): 

𝐴3
𝐾2
↔3𝐴             ΔH2, ΔG2, TΔS2       𝐸𝑞. 2 

𝐴 + 2𝐿 
𝐾3
↔𝐴𝐿2        ΔH3, ΔG3, TΔS3       𝐸𝑞. 3 

where A is a Pd(OAc)2 monomer. The binding equilibrium constant 𝐾1 in Eq. 1 is the 

combined binding equilibrium constant of the two equations above, i.e. 𝐾1 = 𝐾2(𝐾3)
3. The 

enthalpy of the reaction measured by ITC is the combination of enthalpies for the trimer 

dissociation and two TOP molecules binding with the monomer, i.e. ∆H1 = ∆H2 + 3∆H3. 

Because of the high stability of Pd3(OAc)6 in non-coordinating solvents, it is a plausible 

assumption that the trimer dissociation reaction is endothermic (i.e. ∆H2  is positive), 

suggesting that the TOP binding to Pd(OAc)2 monomers is much more exothermic than 

the heats measured by ITC for the overall reaction (per mol Pd), as will be shown below. 

Once the thermodynamic parameters for one of the reactions - either Eq. 2 or Eq. 3 - are 

obtained, the values of the other can be calculated. Due to the challenge of measuring the 

heat of trimer dissociation, it is more feasible to extract the heat of TOP-Pd(OAc)2 

monomer binding from the measured heat of reaction. Therefore, we conducted ITC 

experiments of titrating the impure Pd3(OAc)6 (trimers containing monomeric Pd(OAc)2 

where the trimers and monomers were identified based on their IR vibrations10, 20, 65-66 in 

Figure 5.5) in toluene with TOP, and the thermogram is shown in Figure 4.3(a). The heat 
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of reaction in Figure 4.3(b) (black dots) shows a high initial exotherm and a “dip” at the 

saturation ratio of 2:1, which is not a typical independent model curve. This unique ITC 

heat of reaction curve is a combination of two reactions, i.e. TOP-induced trimer 

dissociation (Eq. 1) and TOP-monomer (impurity) binding (Eq. 3), both of which result in 

the same product 𝐴𝐿2. Note that the reaction in Eq. 3 is a combination of consecutive 

bindings of two ligands. However, the two sites might not be thermodynamically 

equivalent as has been shown for the binding of phosphines with other square planar Pd(II) 

complexes35-36. Due to the low content of Pd(OAc)2 monomers (see IR spectra in Figure 

5.5, and monomer content from fitting results in Table 4.2) it is not possible to differentiate 

between the two sites. Hence, the binding constant that we extract for the monomer binding 

is for the overall reaction in Eq. 3. 
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Figure 4.3 (a) ITC Thermogram (positive heat flow is exothermic) (b) Heat of reaction 

(dots), trimer-monomer model fit (solid black line) of TOP titrating impure Pd3(OAc)6 at 

25 °C, and simulated trimer (solid blue line) and monomer (dash red line) reaction heats. 

Experimental parameters: 0.2 mM Pd, 5.0 mM TOP, 4.0 μL / injection, initial cell 

volume 750 μL. Time between two injections is 1800 s. 

 

In order to fit the heat of reaction measured by ITC in Figure 4.3 and extract the individual 

reaction parameters, a trimer-monomer ITC model that includes both reactions, Eq. 2 and 

Eq. 3, was developed. The mass balance is: 

3[𝐴3]0 + [𝐴]0 = [𝐴]𝑇                       𝐸𝑞. 4 

where [𝐴3]0, [𝐴]0 and [𝐴]𝑇 are initial concentrations of the trimers, monomers and total 

Pd acetate, respectively. The equilibrium constants can be expressed in terms of 

concentrations in the ith (i ≥ 1) titration by the following equations: 
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𝐾1 =
[𝐴𝐿2]𝑖

3

[𝐴3]𝑖[𝐿]𝑖
6                                𝐸𝑞. 5 

𝐾3 =
[𝐴𝐿2]𝑖

[𝐴]𝑖[𝐿]𝑖
2                                 𝐸𝑞. 6 

𝐾1 (obtained from pure trimer ITC in Table 1) corresponds to the combination of monomer 

binding and trimer breaking equilibria from Eq. 2 and Eq. 3: 

𝐾1  = 𝐾2(𝐾3)
3                              𝐸𝑞. 7 

[𝐴𝐿2]𝑖, [𝐴3]𝑖, [𝐴]𝑖 and [𝐿]𝑖 are the concentrations of Pd(OAc)2(TOP)2, Pd3(OAc)6 trimer, 

Pd(OAc)2 monomer and free  TOP at equilibrium after the ith titration. The concentrations 

of these species can be written in terms of the extent of reaction (the percentage of [𝐴3]0 

and [𝐴]0 that have reacted) after each titration based on the stoichiometry in Eq. 1 and Eq. 

3 (see details in the ESI). For a given [𝐴]0 and 𝐾3 (𝐾1 is known from the overall reaction), 

the extent of the reaction for both Eq.1 and Eq. 3 can be solved using Eq. 5 and 6. The 

concentrations of all species ([𝐴𝐿2]𝑖, [𝐴3]𝑖, [𝐴]𝑖 and [𝐿]𝑖 ) can then be calculated. The total 

heat of reaction measured by ITC can be modeled through adding the heats produced from 

Eq. 2 and 3, by multiplying the reacted amount of monomer and trimer by the enthalpy of 

each reaction (see model and calculation details in the ESI). 

Therefore, by varying [𝐴]0  , 𝐾3 , ∆H1, and ∆H3 (𝐾1  is held constant using the value in 

Table 4.2), the calculated heat of reaction was fitted to the experimental heat of reaction 

and the fitting results are shown in Figure 4.3(b) (black curve) and Table 4.2, respectively. 

It can be seen that the calculated heat of reaction is in excellent correspondence with the 

experiment. We also note that the thermodynamic quantities extracted using the trimer-

monomer model were reproducible using different batches of pure and impure trimer 

batches (see representative results in Table 5.3, Figure 5.6 and Table 5.6 for pure samples 
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and Table 5.7 for impure samples).  Since the only fixed parameter in the trimer-monomer 

model is K1, we investigated the sensitivity of the model fit to the value of K1 using values 

between 1042-1046 M-6 (ΔG from – 240 to – 262 kJ/mol corresponding to the range in K1) 

and the thermodynamic parameters extracted by the model varied by less than 10 % for 

enthalpy and Gibbs free energy, and less than 30% for entropy (Table S8).  Considering 

the entropy value is in a smaller order of magnitude than the enthalpy and Gibbs free 

energy, this variation of entropy value is not dramatic. The low sensitivity of the trimer-

monomer fit parameters to the value of K1 is likely due to the accuracy of ITC in measuring 

the enthalpy and the exponential relationship between K and Gibbs free energy. 

Specifically, the heat measured from ITC is a direct measure of the enthalpy which makes 

ΔH the most accurate of all the parameters. Additionally, since K = exp(-ΔG/RT), a large 

variation in K is dampened (1042-1046 is equivalent to ΔG of – 240 to – 262 kJ/mol, a 

variation of less than 10 %). Those two factors result in the low sensitivity of ΔH and ΔG 

to the value of K1 and for ΔS to have the largest variation.  

 

Table 4.2 Extracted thermodynamic parameters of TOP binding with Pd3(OAc)6 at 25 °C 

using the trimer-monomer model. The impurity (initial monomer concentration [A]0) from 

the fitting result is 0.028 mM (14 ± 1 %) in a total concentration of 0.2 mM Pd acetate. 

Errors for monomer contents, 𝑨𝟑
𝑲𝟐
↔  𝟑𝑨  and 𝑨 + 𝟐𝑳

𝑲𝟑
↔  𝑨𝑳𝟐  thermodynamic properties 

are the standard deviations of the fits from multiple repeating experiments (results in Table 
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5.3 and Table 5.7), where K1 (and ΔG1) was constant in all fits. The estimation of fit 

uncertainty can be found in Table 5.9. 

 Equilibrium constant ∆𝐇 (kJ/mol) ∆𝐆 (kJ/mol) 
− 𝐓∆𝐒 

(kJ/mol) 

𝑨𝟑 + 𝟔𝑳
𝑲𝟏
↔𝟑𝑨𝑳𝟐 6.8 × 1043 M-6 − 237 ± 20 − 250 − 13 ± 20 

𝑨𝟑
𝑲𝟐
↔  𝟑𝑨 (8 ± 1) ×10-11 M2 323 ± 35 58 ± 0.7 − 266 ± 35 

𝑨 + 𝟐𝑳
𝑲𝟑
↔  𝑨𝑳𝟐 (9.3 ± 0.8) ×1017 M-2 − 187 ± 8 − 103 ± 0.2 84 ± 8 

 

To provide a better understanding of the contribution of the monomers and trimers to the 

total heat of reaction, and to exclude other possible impurities, we conducted experiments 

and simulations using different ITC parameters and models and the results will be 

discussed in the following section. 

ITC features from monomer impurity.  

As discussed in the above section, the heat of reaction of impure Pd3(OAc)6 ITC shows 

high initial exothermic peak(s) and a “dip” at critical binding ratio of 2. We calculated the 

amount of heat produced from trimer and monomer reactions separately, shown in Figure 

4.3(b), which provides insights on the unusual features seen in the measured heats (i.e., the 

initial high exothermic peak and the “dip” at the critical ratio). The results show that 

features originate from the interplay of two factors: 1) both reactions have AL2 as their 

product and 2) there exists a high kinetic barrier for Eq. 2, thus, before adding ligands to 

the solution, [A] and [A3] are not at equilibrium. These two factors restrict the amount of 

[A] and [A3] that react at each titration, and affect the total measured heat  (Figure 4.3(b), 

heat from trimer and monomer reactions) resulting from both Eq. 1 and Eq. 3 in each 

injection. Therefore, it should be stressed that the heat generated in each titration should 

not be considered an addition of trimer and monomer isotherms, but instead, heat from two 
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parallel reactions that share a reactant and the same product. Specifically, the heat 

generated in the first titration (and all the following titrations) depends on the consumption 

of A and A3 which are controlled by two equilibriums, i.e., 𝐾1 =
[𝐴𝐿2]𝑖

3

[𝐴3]𝑖[𝐿]𝑖
6, and 𝐾3 =

[𝐴𝐿2]𝑖

[𝐴]𝑖[𝐿]𝑖
2 

. Both trimer (Eq. 1) and monomer (Eq. 3) reactions have the same AL2 as product, thus 

the two equilibriums are restricting each other through 𝐾2 =
[𝐴]𝑖

3

[𝐴3]𝑖
 ~ 10-10 M2. In the first 

titration (or more, depending on the initial monomer impurity content, total Pd acetate 

concentration, and other titration parameters), there needs to be a significant amount of 

monomer that reacts to bring the system to equilibrium and satisfy 𝐾1 and and 𝐾2. This 

results in the initial high exotherm in Figure 3 since for the same amount of ligand reacted, 

the monomer-ligand reaction produces more heat than trimer-ligand reaction (i.e. 3|ΔH3|> 

|ΔH1|). Therefore, the total heat generated from the ligand reaction with the monomers in 

the first titration is more than the heat from trimer-ligand reaction if all the ligand reacts 

with the trimer only. After the initial few titrations for the system to reach equilibrium, 

more trimers react than monomers (higher affinity, 𝐾1 > (𝐾3)
3) until L:Pd approaches 2. 

When close to that ratio, the remaining concentration of monomers becomes higher than 

that of the trimers (due to the exponent in 𝐾2 =
[𝐴]𝑖

3

[𝐴3]𝑖
) and the heat from the monomer-ligand 

reaction (Eq. 3) dominates resulting in the dip (see Figure 5.7).  

In details, K2 (trimer dissociation constant) is very low and therefore, the existence of 

significant monomer concentration (as confirmed by FTIR) at room temperature indicates 

that the trimer formation, 3[A] ↔ [A3], is kinetically limited. This is important as it shows 

that initially all the [A] in solution is from the original monomers impurity and all the [A3] 

is from the original trimers. In other words, there was no trimer – monomer transformation 
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happening during the titrations. Consequently, the system (A3 and A in solution without L) 

starts away from equilibrium. In the first (or first few titrations), a comparatively high 

portion of [A] has to react to bring all the species to the concentrations that satisfy both 

equilibriums: 𝐾1 =
[𝐴𝐿2]𝑖

3

[𝐴3]𝑖[𝐿]𝑖
6  and 𝐾3 =

[𝐴𝐿2]𝑖

[𝐴]𝑖[𝐿]𝑖
2 , and as a result, the trimer – monomer 

equilibrium, 𝐾2 =
[𝐴]𝑖

3

[𝐴3]𝑖
 .  

After the system reaches equilibrium, since A3 and A reactions with L produce the same 

complex, AL2, but with 3:1 stoichiometry, this places further restriction on the amount of 

A that reacts with L in each titration, which is why the mixture does not behave as a 

mathematical addition of the individual isotherms. Since 𝐾2 =
[𝐴]𝑖

3

[𝐴3]𝑖
 is a constant, after each 

titration the amount of [A] remains in the solution is proportional to [A3]
1/3. 𝐾2, as the 

fitting result shows, is in the order of 10-10 M2, and [A3] is in the order of 10-5 M. So [A]3 

should be maintained at ~10-15 M3 ([A] ~ 10-5 M) M in the first titrations. Therefore, in 

Figure 5.9(b) in the first titration, 1.01×10-5 M out of 2.79 ×10-5 M of A reacted to satisfy 

the equilibrium, which is a large portion of the total amount of [A] ([A]0 = 2.8 × 10-5 M). 

During the first titrations, almost all the L were consumed in each titration, and [A] and 

[A3] should be maintained at 𝐾2 =
[𝐴]𝑖

3

[𝐴3]𝑖
 ~ 10-10 M2, and there is still large amount of 

unreacted [A] existing in the solution. Due to the higher affinity of trimer (𝐾1 > (𝐾3)
3), 

more trimers react than monomers until L:Pd approaches 2 ((Figure 5.9b and 5.9c).  

When close to that ratio, the remaining concentration of monomers becomes higher than 

that of the trimers, and the significant amount of heat from the monomer-ligand reaction 

(Eq. 3) results in the dip. In other words, at the dip, which are at the last few titrations 

before the ratio of 2, [A3] drops to much smaller value from 10-5 M to 10-8 M which forces 
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[A] to drop faster than previous titrations, but maintain at 10-6 M, which becomes higher 

than [A3]. Therefore, there is a “dip” which is a consequence of large amount of [A] 

reacting at this point.  

Overall, the curve shape comes from two factors: 1) both reactions are in equilibrium and 

have AL2  as their product and 2) there exists a high kinetic barrier for trimer – monomer 

transformation, thus, before adding ligands to the solution, the trimer – monomer is not in 

equilibrium, and during the titrations there is no trimer – monomer transformation in the 

solution. 

It should be noted that we suspect the “pure” trimers might contain small monomer 

impurity (<1%). Thus, in Figure 4.2 (and in Figure 5.6 for the recrystallized Pd acetate 

from Sigma-Aldrich), the first titration still shows a higher exothermic peak than the 

followings (due to monomer reaction). We have tried to fit the “pure” ITC heat of reaction 

with the trimer-monomer model, however, the monomer content is extremely low (< 0.5 

%) to give reliable fitting results.  

To test the reproducibility of the features in the heat of reaction from ITC and fitting results, 

for the same sample (with identical monomer content), we performed experiments using 

different initial Pd acetate concentrations (in Figure 4.4 and Table 4.3), and simulations 

with different monomer contents (in Figure 5.8). The model results are reproducible, and 

the model-calculated heat of reaction follow the features of the experimental ITC heats for 

the different concentrations as shown in Figures 6.4 (a) - (c).  
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Figure 4.4 Experimental (black dots) and modeled (black solid line) ITC heat of reaction 

of TOP titrating the same batch of impure Pd3(OAc)6 with different initial concentrations 

at 25 °C: (a) 0.2 mM Pd, 5.0 mM TOP, 4.0 µL / injection; (b) 0.5 mM, 10.0 mM TOP, 5.0 

µL / injection; (c) 1.0 mM, 15.0 mM TOP, 5.0 µL / injection. Initial cell volumes are 750 

µL. The determined monomer contents are (14 ± 1) %, (13 ± 1) % and (11± 1) %, 

respectively. The thermodynamic parameters are from the fitting result for each impure Pd 

acetate ITC in Table 4.3. The heat is calculated by the reacted concentrations of monomer 

and trimer in each titration multiplied by each reaction enthalpy. The estimation of fit 

uncertainty can be found in Table 5.9. 

 

Table 4.3 ITC trimer-monomer model results corresponding to Figure 4.4 at 25 °C.  The 

determined monomer contents are (14 ± 1) %, (13 ± 1) % and (11± 1) %, respectively. 

Errors for monomer contents, 𝑨𝟑
𝑲𝟐
↔  𝟑𝑨 and 𝑨 + 𝟐𝑳

𝑲𝟑
↔  𝑨𝑳𝟐 thermodynamic properties are the 

standard deviations of the fits from multiple repeating experiments (results in Table 4.3 

and Table 5.7), where K1 (and ΔG1) was constant in all fits. The estimation of fit uncertainty 

can be found in Table 5.9. 

 

Pd 

concentration 

(mM) 

Equilibrium constant ∆H (kJ/mol) ∆G (kJ/mol) 
− T∆S 

(kJ/mol) 

𝐴3 + 6𝐿
𝐾1
↔3𝐴𝐿2 0.2 6.8 × 1043 M-6 − 237 ± 20 − 250 − 13 ± 20 
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0.5 6.8 × 1043 M-6 − 242 ± 20 − 250 −  8 ± 20 

1.0 6.8 × 1043 M-6 − 248 ± 20 − 250 −  2 ± 20 

𝐴3
𝐾2
↔  3𝐴 

0.2 (0.8 ± 0.1) ×10-10 M2 323 ± 35 58 ± 0.7 − 266 ± 35 

0.5 (1.1 ± 0.1) ×10-10 M2 305 ± 35 57 ± 0.7 − 248 ± 35 

1.0 (1.0 ± 0.1) ×10-10 M2 351 ± 35 57 ± 0.7 − 294 ± 35 

𝐴 + 2𝐿
𝐾3
↔  𝐴𝐿2 

0.2 (9.3 ± 0.8) ×1017 M-2 − 187 ± 8 − 103 ± 0.2 84 ± 8 

0.5 (6.5 ± 0.8) ×1017 M-2 − 181 ± 8 − 102 ± 0.2 79 ± 8 

1.0 (4.0 ± 0.8) ×1017 M-2 − 194 ± 8 − 101 ± 0.2 93 ± 8 

 

Insights on thermodynamic properties of ligand induced Pd3(OAc)6 dissociation.  

The enthalpy and entropy values obtained from ITC measurements provide insights into 

the nature of the metal-ligand interactions and the structural changes occurring during the 

dissociation and binding reactions. The entropy value reflects the difference of the structure 

(rotational, translational and vibrational degrees of freedom) from the dissociation and/or 

binding with TOP as well as solvent reorganization. As previously discussed, the overall 

reaction between Pd3(OAc)6 and TOP is driven by the enthalpic change, i.e., TOP 

coordinating to Pd atoms. This can be explained according to the different types of 

reactions, namely Eq. 2 and Eq. 3, involved in the overall reaction, Eq. 1. The trimer 

dissociation (Eq. 2) is endothermic with ∆H2 = 323 ± 35 kJ / mol (close to our DFT 

estimate of 320 kJ / mol, see details in ESI), however, it results in a large positive T∆S 

contribution (266 ± 35 kJ / mol) due to the increase in degrees of freedom for monomers 

compared with the trimer. On the other hand, the binding of TOP with the monomer 

(A+2L
𝐾3
↔AL2) is exothermic (∆H3= − 187 ± 8 kJ / mol) and results in loss of degrees of 

freedom and consequently a negative T∆S (− 84 ± 8 kJ / mol). The entropic gains and 

losses from both reactions almost compensate each other, resulting in a small - T∆S for the 
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overall reaction, Eq. 1 = Eq. 2 +3 × Eq. 3. However, while the overall reaction of TOP 

with Pd3(OAc)6 (Eq. 1) is enthalpically driven, the trimer dissociation (Eq. 2) and ligand-

monomer binding (Eq. 3) have large entropic contributions to Gibbs free energies of the 

corresponding reactions. The results show the importance of entropic contributions for 

metal trimer dissociation and ligand-metal binding in solution. Moreover, we should 

emphasize that using the trimer-monomer model allowed us to obtain the thermodynamics 

of the “theoretical” TOP-metal complex monomer binding instead of the ligand 

substitution reaction, i.e., the binding to the theoretical Pd(OAc)2 structure (Scheme 1(b) 

and Eq. 3) instead of ligand substitution, Pd(OAc)2L2 + 2TOP ↔ Pd(OAc)2TOP2 + 2 L.  

The developed ITC methodology allows us to extract thermodynamic parameters of an 

overall reaction and a kinetically or thermodynamically limited reaction in the same 

reaction network. The method can be applied to determine thermodynamic properties of a 

homopolymer (An, n = 1, 2, 3…) dissociation of a metal complex oligomer or a biopolymer 

(e.g. proton-dependent metal complex dissociation67, peptide homo-oligomers68 or 

quadruplex nucleic acids dissociation69-70). The method is especially applicable when the 

reaction has a very low equilibrium constant (similar to one in A3 
𝐾2
↔3A), or is limited by 

kinetics under desired experimental conditions (e.g., temperature, concentration, 

solubility). By introducing small amount of monomers (e.g. increasing temperature) and/or 

using a suitable ligand, the total heat of reaction for the combined series/parallel reactions 

can be used to reveal the enthalpic and entropic contributions for each of the individual 

reactions. 
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Summary and Conclusions 

In summary, we developed an ITC methodology to simultaneously measure Gibbs free 

energy, enthalpy and entropy of both phosphine - Pd(OAc)2 binding, and the 

thermodynamically unfavorable Pd3(OAc)6 trimer dissociation which is challenging to be 

measured under reasonable experimental conditions (mild temperature and feasible 

concentration range).  Additionally, the monomer content was also obtained using the 

developed trimer-monomer ITC model. The results show that both phosphine - Pd3(OAc)6 

trimer reaction and phosphine-Pd(OAc)2 binding reaction are mostly enthalpy driven, i.e., 

the phosphine coordinating to the Pd center is the driving force. However, the entropic 

contributions for the trimer dissociation and the monomer-TOP binding reactions are 

shown to be significant. The work highlights the importance of measuring the enthalpy and 

entropy contributions to the reaction free energy to provide details of ligand-metal binding 

thermodynamics.  
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5. Supporting Information - Palladium Acetate Trimer: 

Understanding its Ligand-Induced Dissociation 

Thermochemistry Using Isothermal Titration 

Calorimetry, XAFS and 31P NMR 
 

Infrared spectroscopy  

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was used to 

characterize different batches of Pd3(OAc)6. The samples were ground into fine powder 

and mixed with 85 wt % of KBr (Sigma-Aldrich, FT-IR grade, 99 %). The spectra were 

taken on a Thermo Scientific Nicolet IS 50R FT-IR equipped with a mercury cadmium 

telluride (MCT/A) detector and a Harrick Praying Mantis high temperature DRIFTS 

reaction chamber under pure N2 atmosphere. Approximately 20 mg samples were loaded 

in the chamber. The spectral resolution was 4 cm-1. Each reported spectrum is an average 

of 32 scans in the Kubelka-Munk (KM) units.  

X-ray absorption spectroscopy  

Pd acetate in toluene with 2 equivalent moles of TOP binding on Pd center was 

characterized by X-ray absorption spectroscopy at beamline BL 2-2 operated by the 

Synchrotron Catalysis Consortium (SCC) at the Stanford Synchrotron Radiation 

Lightsource at SLAC National Accelerator Laboratory. Two samples were prepared: Pd 

acetate trimer containing 25 mM Pd dissolved in toluene in an N2 glovebox, with and 

without adding 50 mM TOP. The samples were then transferred to the synchrotron in 20 

mL capped glass vials. The beam size was 200 m vertical by 3 mm horizontal. The spectra 

were collected at the Pd K-edge in transmission mode. Four scans (20 minutes each) were 

collected, then aligned and merged using a Pd foil spectrum collected simultaneously for 

each scan. All the measurements were taken at room temperature. Data processing and 
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analysis, for the x-ray absorption near edge and the extended x-ray absorption fine structure 

(XANES and EXAFS), were performed using Athena and Artemis programs of the 

IFEFFIT data analysis package1, 2. After the normalization of the absorption coefficient, 

the smooth atomic background was subtracted using the AUTOBKG code Athena to obtain 

χ(k) (where k is the photoelectron wave number). The theoretical EXAFS signal for Pd-

Pd, Pd-P, Pd-C, and Pd-O scattering paths were constructed using the FEFF6 code.3 For 

Pd-Pd, we used an fcc crystal structure with a lattice constant of 3.89 Å. For the other 

scattering paths, we used a structure of Pd acetate trimer (Pd-O and long Pd-C), Pd acetate 

monomer with terminal acetate (Pd-O and short Pd-C) and a Pd acetate dimer with one 

acetate substituted by a phosphine (Pd-O and Pd-P). The theoretical EXAFS signals were 

fitted to the data in r-space using Artemis. The spectra were fitted by varying the 

coordination number of the single scattering paths, Pd-Pd and Pd-O, Pd-C and Pd-P, NPd-

Pd, NPd-O, NPd-C, NPd-P, the bond length disorder (Debye-Waller factor), σ2
Pd-Pd, σ

2
Pd-O, σ2

Pd-

C, σ2
Pd-P, the effective scattering lengths (RPd-Pd, RPd-Fe, RPd-Fe, RPd-Fe,, and the correction to 

the threshold energy, ΔE0 (ΔE0 for metallic Pd-Pd and ΔE0  was the same for the other paths 

in the model). S0
2 (the passive electron reduction factor) was obtained by first analyzing 

the spectrum for a Pd foil, and the best fit value (0.83) was fixed during the fitting. The k-

range used for Fourier Transform of the χ(k) was 2.5-13.9 Å-1 and the r-range for fitting 

was 1.2-2.4 Å. 

Independent model equations 

In the Pd acetate – TOP binding, the ligand TOP (L) can bind with each Pd (M) by the 

ratio of 2, i.e., two ligands can bind to each metal complex molecule. The overall binding 

equation is: 
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                                           𝐴 + 2𝐿
𝐾
↔𝐴𝐿2                       ∆H                                  𝐸𝑞. 𝑆1 

The independent model has been well developed and explained in previous studies 4, 5. 

The following is a brief summary of the critical equations from these studies that we 

used in our fitting. To give a short summary, with two (n = 2) binding sites on the 

macromolecule A, for the first and the second binding site: 

                   𝐴 + 𝐿
𝐾𝑎
↔𝐴𝐿                                                                   𝐸𝑞. 𝑆2       

𝐴𝐿 + 𝐿
𝐾𝑏
↔𝐴𝐿2                                                                 𝐸𝑞. 𝑆3                                                 

When relating the macroscopic equilibrium constant and microscopic equilibrium 

constant, K0, which is the same for the two binding steps in an independent binding 

situation, Ka = 2K0 and Kb = ½ K0. Thus the overall binding constant K in Eq. S1 can be 

written as: 

𝐾 =  𝐾𝑎𝐾𝑏 = (2𝐾0) (
1

2
𝐾0) = 𝐾0

2                                            𝐸𝑞. 𝑆4  

The total cumulative heat Q as a function containing the necessary unknowns to obtain 

all the thermodynamic properties: 

𝑄 = 𝑉[𝐴]𝑇
2∆𝐻0𝐾0[𝐿]

1 + 𝐾0[𝐿]
                                                       𝐸𝑞. 𝑆5 

Where ∆𝐻0 is the microscopic entropy for each binding step. The brackets represent the 

concentration of the species. [𝐴]𝑇 is the total metal complex concentration, i.e., 

palladium acetate concentration. Based on the mass balance in the solution: 

                  [𝐿]𝑇 = [𝐿] + [𝐿]𝐵                                                         𝐸𝑞. 𝑆6                                                 

where [𝐿]𝑇  is the total ligand concentration already injected in the sample cell. [𝐿] and 

[𝐿]𝐵 are the concentrations of free ligand and ligand binding with metal, respectively. The 

accumulative heat can be expressed  
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𝑄 = 𝑉∆𝐻0[𝐿]𝐵                                                          𝐸𝑞. 𝑆7  

From Eq. S6 and S7, [𝐿]  can be expressed as a function of 𝑉. ∆𝐻0 𝑄, and [𝐿]𝑇. Thus, Eq. 

S5 can be written as: 

𝑄2 (
𝐾0
𝑉∆𝐻0

) + 𝑄(−1 − [𝐴]𝑇(2𝐾0) − 𝐾0[𝐿]𝑇) + (2[𝐴]𝑇𝑉∆𝐻0𝐾0[𝐿]𝑇) = 0      𝐸𝑞. 𝑆8 

Thus, Q can be expressed as: 

𝑄 =
(1 + 2[𝐴]𝑇𝐾0 + 𝐾0[𝐿]𝑇) − [(1 + 2[𝐴]𝑇 + 𝐾0[𝐿]𝑇)

2 − 4[𝐴]𝑇 · 2𝐾0
2[𝐿]𝑇]

1/2

2𝐾0
𝑉∆𝐻0

𝐸𝑞. 𝑆9 

For the overall reaction: 

𝐾 = 𝐾0
2                                                                    𝐸𝑞. 𝑆10 

∆𝐻 = 2∆𝐻0                                                               𝐸𝑞. 𝑆11 

∆𝐺 = −𝑅𝑇𝑙𝑛𝐾                                                         𝐸𝑞. 𝑆12 

𝑇∆𝑆 = ∆𝐻 − ∆𝐺                                                        𝐸𝑞. 𝑆13 

Pd3(OAc)6 trimer-monomer ITC model development 

After ith titration, both trimer A3 and monomer A react with TOP ligand L:  

   𝐴3  +  6𝐿
𝐾1
↔ 3𝐴𝐿2     ΔH1, ∆G1, T∆S1                     𝐸𝑞. 𝑆14 (𝐸𝑞. 1) 

    𝐴 + 2𝐿 
𝐾3
↔ 𝐴𝐿2      ΔH3, ∆G3, T∆S3                     𝐸𝑞. 𝑆15 (𝐸𝑞. 3) 

 

Z1i of trimers and Z2i of monomers bind with TOP where Z1i and Z2i represent the 

extent of each reaction after the ith titration, (between 0-1 for Eq. 1 and Eq. 3, 

respectively) which is constrained by equilibrium. Thus, the concentrations of 

different species after the ith titration can be written based on the stoichiometry as: 

[𝐴3]𝑖 = (1 − 𝑍1i)[𝐴3]0                                              𝐸𝑞. 𝑆16   

 [𝐴]𝑖 = (1 − 𝑍2i)[𝐴]0                                               𝐸𝑞. 𝑆17                     
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[𝐴𝐿2]𝑖 = 𝑍2i[𝐴]0 + 3𝑍1i[𝐴3]0                                            𝐸𝑞. 𝑆18 

[𝐿]𝑖 = [𝐿𝑇]𝑖 − (2𝑍2i[𝐴]0 + 6𝑍1i[𝐴3]0)                                      𝐸𝑞. 𝑆19 

Where [𝐴]0 , [𝐴3]0  are the initial concentrations of monomers and trimers; [𝐴]𝑖 , 

[𝐴3]𝑖, and [𝐿]𝑖 are the concentrations of unreacted Pd(OAc)2; Pd3(OAc)6, and TOP 

after the binding reaction of the ith titration. [𝐴𝐿2]𝑖 is the produced Pd(OAc)2(TOP)2;  

[𝐿𝑇]𝑖 is the total ligand concentration added in the solution. 

Two equilibrium equations need to be satisfied after each titration: 

𝐾1 =
[𝐴𝐿2]𝑖

3

[𝐴3]𝑖[𝐿]𝑖
2                                                    𝐸𝑞. 𝑆20 (𝐸𝑞. 6) 

𝐾3 =
[𝐴𝐿2]𝑖

[𝐴]𝑖[𝐿]𝑖
2                                                      𝐸𝑞. 𝑆21(𝐸𝑞. 7) 

By substituting Eqs. 16-19 into Eq. S20 and Eq. S21,  Z1i and Z2i  can be solved for a 

given [𝐴]0 and 𝐾3 (𝐾1 is known from the overall reaction). For a given  𝛥𝐻1 and 𝛥𝐻3, the 

total cumulative heat after ith titration 𝑄𝑖𝑎 can be calculated from: 

𝑄𝑖𝑎 = Z1i[𝐴3]𝑖−1(𝛥𝐻1) + Z2i[𝐴]𝑖−1(𝛥𝐻3)                                𝐸𝑞. S22 

The heat generated in each titration can be calculated from: 

𝑄𝑖+1 = 𝑄(𝑖+1)𝑎 − 𝑄𝑖𝑎                                                       𝐸𝑞. 𝑆23 

For example, when i = 1, 𝑄2 = 𝑄2𝑎 − 𝑄1𝑎, which is the titration heat produced in the 2nd 

titration; when i = 2, 𝑄3 = 𝑄3𝑎 − 𝑄2𝑎, which is the titration heat produced in the 3rd 

titration, etc. For the first titration: 

𝑄1 = 𝑄1𝑎                                                                  𝐸𝑞. 𝑆24 

The best fit was obtained by minimizing the normalized residual sum of error squares: 

Normalized residual sum of error2 =∑
(𝑄𝑖 − 𝑄𝑖𝑒𝑥𝑝)

2

𝑄𝑖𝑒𝑥𝑝
2

𝑖

1
                           𝐸𝑞. 𝑆25 
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The theoretical estimate of cis/trans stability of PdCl2(PR3)2 

We have computed Gibbs free energies of both cis and trans isomers for PdCl2(PR3)2 where 

R=Me, Et, and n-Pr, The following DFT functionals and basis sets were used in an 

assessment. The structure optimization followed by the vibrational spectrum and 

thermodynamic value calculations were performed at the level of theory below in the 

presence of toluene as a solvent (CPCM model). All calculations were performed with 

Gaussian 16. 

For R=Me we used pure density functionals PBEPBE or TPSSTPSS as well as hybrid 

density functionals PBE1PBE or M062x. Two sets of basis sets were tested. Set I: double-

zeta quality ECP basis set LANL2DZ on Pd and 6-31G* on the rest of the elements, and 

Set II: triple-zeta quality ECP basis set SDD on Pd, and 6-311G* on the rest of the 

elements.  

For R=Et and n-Pr to reduce the computational time, we used only the pure density 

PBEPBE functional with the Set I basis set. Regardless of the level of theory utilized and 

the nature of R, the Gibbs energy difference was between 10 and 15 kcal/mol favoring the 

trans-isomer.  
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Figure 5.1 Pd3(OAc)6 molecular structure. Blue: palladium atom; Red: oxygen atom; 

Grey: carbon atom. Hydrogens are not shown in the structure. 

Experimental Results 

EXAFS and XANES Results. In both EXAFS and XANES, solid Pd3(OAc)6 and 

Pd3(OAc)6 dissolved in toluene show almost identical spectra, indicating the same 

molecular structure in both phases. The coordination number NPdP in the EXAFS fitting 

result indicates P binds to Pd at a ratio of 26, which is consistent with the 31P NMR results. 
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Figure 5.2 Pd K-edge (a) XANES and (b) EXAFS spectra of Pd3(OAc)6 solid, Pd3(OAc)6 

in toluene solution and TOP : Pd(OAc)2 = 2 (Pd(OAc)2(TOP)2) in toluene solution. (c) and 

(d) XANES and EXAFS of Pd foil solid, and TOP : Pd(OAc)2 = 2 (Pd(OAc)2(TOP)2) in 

toluene solution. The comparison between Pd foil and Pd(OAc)2(TOP)2 shows there is no 

Pd-Pd bond forming in Pd(OAc)2(TOP)2 solution. 

 

Table 5.1 EXAFS fitting results for 25 mM Pd acetate + 50 mM TOP in toluene. The 

numbers in parentheses indicate the statistical error in the most significant digit obtained 

from the fit in Artemis (e.g. 4.1(2) ≡ 4.1 ± 0.2). 

NPdO RPdO σ2
PdO (Å2) NPdP RPdP σ2

PdP (Å2) E0 Reduced χ2 

2.9(5) 2.041(5) 0.002(1) 1.5(5) 2.337(5) 0.001(1) 11(2) 245 
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Figure 5.3 31P NMR (202.47 MHz) spectrum of (a) free TOP and TOP binding with 20 

mM Pd acetate in toluene-d8, with TOP:Pd at the ratio of 3:1. Pd(OAc)2(TOP)2: 10.3 

ppm, TOP: - 31.5 ppm. The relative peak areas were labelled above the peak. The mole 

ratio of TOP based on the peak areas in Pd(OAc)2(TOP)2 and free TOP is 10:4, which is 

close to the theoretical ratio 10:5. The spectrum indicates TOP binds to Pd(OAc)2 at the 

ratio of 2. 
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Figure 5.4 31P NMR spectra of 20 mM Pd(OAc)2 with 2 equivalent moles of TOP in 

toluene-d8 (a) fresh sample (b) overnight. 

 

DRIFTS results. The IR spectra of the pure and impure batches of Pd acetate are shown 

in Figure 5.2, and the characteristic peaks of Pd(OAc)2 and Pd3(OAc)6
7, 8

 are labeled. Both 

IR spectra for the two impure batches show significant peaks for terminal acetate in 

Pd(OAc)2 monomers, i.e., νC-O at 1158 cm-1 and νC-CH3 at 860 cm-1, which indicates a higher 

content of Pd(OAc)2 monomers than the pure batches. Based on the low intensity of the 

monomer peaks, the impurities (monomer content) are low in both impure samples. The 

spectra do not show any significant characteristic peaks from other possible trimeric 

complexes9, 10 (e.g., characteristic peak from Pd(OAc)5(NO2) at 1199 cm-1). 
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Figure 5.5 IR spectra (using DRIFTS) of palladium acetate8, 11 in pure N2 flow at 25 ℃, 

from top to bottom the spectra are impure in-house Pd3(OAc)6, impure Sigma-Aldrich 

non-recrystallized Pd3(OAc)6, pure in-house recrystallized Pd3(OAc)6 and pure Sigma-

Aldrich recrystallized Pd3(OAc)6. 

 

Uncertainty Values of Independent Model Fit for Pure Pd3(OAc)6 ITC. The 

uncertainty values were obtained using NanoAnalyze, by adding temporary perturbations 

to the best fit result and then re-fitting the new heat curves. The noise is randomly generated 

within a Gaussian distribution which has the same standard deviation between the fitting 

and the experimental data. Since the equilibrium constant is almost at the maximum limit 

of the ITC technique, it is understandable that the uncertainty values for the fits are large. 

Therefore, experiments were repeated using different Pd acetate concentrations (0.2 and 

1.0 mM, in Table 5.2 and Table 5.3), and reproducible results were obtained. Despite the 

propagation of uncertainty of ΔG from K value is probably smaller than the real 

uncertainty, when the Kper site is varied to 4 times higher and half lower (and ΔG varies from 

– 240 to – 262 (kJ/mol)) in trimer-monomer model fitting, the other thermodynamic 
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properties were not affected significantly. Considering the much lower uncertainty values, 

the results at [Pd] = 0.2 mM were chosen to report in the manuscript.  

Table 5.2 Uncertainty values with a 68.3 % confidence level of ITC fitting results using 

1.0 mM and 0.2 mM Pd. The uncertainty values of ΔG1 and -TΔS (kJ/mol) were calculated 

from the uncertainty values of K1, per site and ΔH1, per site: ΔG1, per site = -RTln(K1, , per site), σG1, 

per site = -RTln(1/K1,  per site)(σK1,  per site); -TΔS1,per site = ΔG1, per site -ΔH1, per site, σ(-TΔSper site) 

= σΔG1, per site + σΔH1, per site. For overall reaction shown in Eq. 1: K1 = (K1, per site)
6, ΔH1 = 

6ΔH1, per site, ΔG1 = 6ΔG1, per site, -TΔS = - 6TΔS1,per site. σK1 = 6(K1, per site)
5(σK1, per site), σΔH1 

= 6σΔH1, per site, σΔG1 = 6σΔG1, per site, σ(TΔS1) = 6σ TΔSper site. Experimental parameters: for 

1 mM Pd, 15 mM TOP, 3.5 or 5.0 μL / injection; for 0.2 mM Pd, 5 mM TOP, 3.5 μL / 

injection; initial cell Pd acetate solution volume is 750 μL. 

Pd 

concentration 

 K1 

Binding 

ratio, n 

ΔH1 

(kJ/mol) 

ΔG1 

(kJ/mol) 

− TΔS1 

(kJ/mol) 

0.2 

Per site (2.0 ± 0.9)  × 107 M-1 1.9 ± 0.01 -43.5 ± 0.5 -41.7 ± 1.1 1.8 ± 1.6 

Overall (6.8 ± 18) × 1043 M-6 1.9 ± 0.01 -261 ± 3 -250 ± 7 11 ± 10 

1.0 

Per site (1.4 ± 22) × 107 M-1 2.2 ± 0.01 -38.5 ± 0.2 -40.7 ± 43 -2.2 ± 43 

Overall (6.6 ± 374)× 1042 M-6 2.2 ± 0.01 -231± 1 -244 ± 255 13 ± 256 

 

At the same time, experimental errors were extracted from experiments with various Pd 

concentrations and experimental parameters, which is a reasonable approach reflecting all 

the error sources. The results were shown in Table 5.3.  

Table 5.3 Thermodynamic parameters per microscopic site of TOP binding with pure 

Pd3(OAc)6 at 25 °C from the independent model using different Pd concentrations. 
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Standard deviations (errors) and average values were calculated based on the results. 

Experimental parameters: for 1 mM Pd, 15 mM TOP, 3.5 or 5.0 μL / injection; for 0.5 mM 

Pd, 10 mM TOP, 5.0 μL / injection; for 0.2 mM Pd, 3 mM TOP, 3.5 μL / injection; initial 

cell Pd acetate solution volume is 750 μL. The time between two injections is 1800 s. 

Pd concentration 

(mM) 
K1, per site M

-1 
Binding 

ratio (n) 

ΔH1, per site 

(kJ/mol) 

ΔG1, per site 

(kJ/mol) 

− TΔS1, per site  

(kJ/mol) 

1.0 1.4 × 107 2.2 -38.5 -40.7 -2.2 

1.0 1.3 × 107 2.0 -40.3 -40.6 -1.1 

1.0 1.6 × 107 2.1 -35.5 -41.1 -5.6 

0.5 1.8 × 107 1.7 -42.6 -42.3 0.3 

0.2 2.0 × 107 1.9 -43.5 -41.7 1.8 

Standard deviation 2.7 × 106 0.2 2.9 0.6 2.5 

Average 1.6 × 107 2.0 -40.1 -41.3 -1.4 

 

Table 5.4 Estimation of experimental errors of TOP binding with recrystallized Pd3(OAc)6 

at 25 °C from the independent model. The binding ratio is given per Pd. Experimental 

parameters: 0.2 mM Pd, 15 mM TOP, 5.0 μL / injection. Initial Pd3(OAc)6 solution volume 

is 750 μL.Time between two injections is 1800 s. The errors are calculated as the standard 

deviations of each parameter from multiple repeating experiments shown in Table 5.3.  For 

overall reaction shown in Eq. 1: K1 = (K1, per site)
6, ΔH1 = 6ΔH1, per site, ΔG1 = 6ΔG1, per site, -

TΔS = - 6TΔS1,per site. σK1 = 6(K1, per site)
5(σK1, per site), σΔH1 = 6σΔH1, per site, σΔG1 = 6σΔG1, 

per site, σ(TΔS1) = 6σ TΔSper site. 

K1 (M
-6) Binding ratio, n ΔH1 (kJ/mol) ΔG1 (kJ/mol) − TΔS1 (kJ/mol) 

(6.8 ± 0.8) × 1043  1.9 ± 0.2 − 237 ± 17 − 250 ± 4 − 13 ± 15 
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Estimation of fit uncertainty for impure ITC experiments. The estimation of fit 

uncertainty for impure Pd3(OAc)6 ITC experiments was weighed based on the +/- range of 

the heat. Specifically, the deviation of the fit (to the experimental data) was calculated 

using 𝜎𝑄𝑖 = √(𝑄𝑖 − 𝑄𝑖𝑒𝑥𝑝)2  for the ith data point, and the accumulated heat 𝜎𝑖𝑎 =

∑ √(𝑄𝑖 − 𝑄𝑖𝑒𝑥𝑝)2
𝑖
1 . The errors for other variables were propagated using the propagation 

equation σY = 
∂Y

∂X1
𝜎𝑋1 + 

∂Y

∂X2
𝜎𝑋2 + 

∂Y

∂X3
𝜎𝑋3…… , where σ refers to the uncertainty 

estimation of corresponding variable (i.e., ∆𝐻1 , ∆𝐻3 , Z1i, Z2i, K1 and K2), and Y is a 

function of X1, X2, … based on equations S16-S22. For example, for σ∆𝐻1 , first substitute 

Eq. S16 into Eq. S22: 

𝑄𝑖𝑎 = 𝑍1𝑖(1 − 𝑍1i−1)[𝐴3]0(𝛥𝐻1) + 𝑍2𝑖(1 − 𝑍2i−1)[𝐴]0(𝛥𝐻3) 

Since there are multiple variables with unknown uncertainties in this equation, when 

calculating the uncertainty for one parameter, the uncertainties for the other parameters 

were set to 0. In this way, the calculated uncertainty would be an upper limit estimate when 

the error in Q is only propagated to that parameter. Based on the error propagation equation: 

σQ𝑖𝑎 = |
𝜕𝑄𝑖𝑎
𝜕𝛥𝐻1

σ∆𝐻1𝑖| = |𝑍1𝑖(1 − 𝑍1i−1)[𝐴3]0σ∆𝐻1𝑖| 

When i = 1, Z1i-1 = 0. Thus, 

σ∆𝐻1𝑖 =
σQ𝑖𝑎

|𝑍1𝑖(1 − 𝑍1i−1)[𝐴3]0|
 

σ∆𝐻1  was further calculated by taking the average of σ∆𝐻1𝑖: 

σ∆𝐻1 =
∑ σ∆𝐻1𝑖
𝑁
1

𝑁
 

where N is the number of titrations. 
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Table 5.5 Estimation of uncertainty (σ) for the trimer-monomer model fitting parameters 

(monomer reaction equilibrium constant K3, monomer-ligand binding enthalpy ΔH3, 

trimer-ligand reaction enthalpy ΔH1, and monomer content [A]0%) of TOP titrating impure 

Pd3(OAc)6 (in Table 5.2) with 68.3 % confidence level (i.e. ±σ) 

K3 monomer overall 
ΔH3 monomer 

overall (kJ/mol) 

ΔH1 trimer 

overall (kJ/mol) 
[A]0% 

(9.3  ± 1.8)  × 1017 M-2 -187 ± 33 -236 ± 2 14% ± 3% 

 

 

 

Figure 5.6 ITC Thermogram (positive heat flow is exothermic) (a) and heat of reaction (b) of 

TOP titrating pure Sigma-Aldrich recrystallized Pd3(OAc)6 (dots) and the independent model 

curve (line). Experiment parameters: 1 mM Pd, 15 mM TOP, 4.5 μL / injection. Initial 

Pd3(OAc)6 solution volume is 750 μL.  Time between two injections is 1800 s. The experiment 

temperature is 25 ℃. 
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Table 5.6 Thermodynamic data of TOP binding with pure Sigma-Aldrich recrystallized 

Pd3(OAc)6 at 25 ℃  from independent model fitting corresponding to Figure 5.6. 

Experimental parameters:1 mM Pd, 15 mM TOP, 4.5 μL / injection. Initial Pd3(OAc)6 

solution volume is 750 μL. 

K1 (M-6) Binding ratio, n 

ΔH1 

(kJ/mol) 

ΔG1 (kJ/mol) −TΔS1 (kJ/mol) 

1.7 × 1043 2.1 − 213 − 247 − 34 

 

Table 5.7 Thermodynamic data of TOP binding with different impure batches of Pd3(OAc)6 

from trimer-monomer model. Impure in-house Pd3(OAc)6. Errors for monomer contents, 

𝐴3
𝐾2
↔  3𝐴 and 𝐴 + 2𝐿

𝐾3
↔  𝐴𝐿2 thermodynamic properties are the standard deviations of the 

fits from multiple repeating experiments (results in Table 4.3 and Table 5.7), where K1 

(and G1) was constant in all fits. The experimental parameters: for 1 mM Pd, TOP = 15 

mM, 5.0 μL / injection.; for 0.2 mM Pd, TOP = 5.0 mM, 4.0 μL / injection. Initial cell 

volumes are 750 μL. Time between two injections is 1800 s. 

 
Pd 

concentration 

(mM) 

Equilibrium 

constant 
∆H 

(kJ/mol) 
∆G  

(kJ/mol) 

-T∆S 
(kJ/mol) 

[A]0 

𝑨𝟑 + 𝟔𝑳
𝑲𝟏
↔ 𝟑𝑨𝑳𝟐 

In-house 1, 1 

mM 
6.8 × 1043 M-6 − 248 ± 

20 
− 250  − 2  ± 20  

Sigma – 

Aldrich, 1 mM 
6.8 × 1043 M-6 

− 203 ± 

20 
− 250  − 47 ± 20  

In-house 1, 0.2 

mM 
6.8 × 1043 M-6 

− 237 ± 

20 
− 250  − 13 ± 20  

In-house 2, 0.2 

mM 
6.8 × 1043 M-6 

− 230 ± 

20 
− 250  − 20 ± 20  

𝑨𝟑
𝑲𝟐
↔  𝟑𝑨 

In-house 1, 1 

mM 

(1.0 ± 0.1) ×10-10 

M2 
351 ± 35 57 ± 0.7 − 294 ± 35 
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Sigma – 

Aldrich, 1 mM 

(1.2 ± 0.1) ×10-10 

M2 
424 ± 35 58 ± 0.7 − 366 ± 35 

 

In-house 1, 0.2 

mM 

(0. 8 ± 0.1) ×10-10 

M2 
323 ± 35 58 ± 0.7 − 266 ± 35 

 

In-house 2, 0.2 

mM 

(1.7 ± 0.1) ×10-10 

M2 
392 ± 35 56 ± 0.7 − 336 ± 35 

 

𝑨 + 𝟐𝑳
𝑲𝟑
↔  𝑨𝑳𝟐 

In-house 1, 1 

mM 

(4.0 ± 0.8) ×1017 M-

2 
− 194 ± 8 

− 101 ± 

0.2 
93  ± 8 (11 ± 1) % 

Sigma – 

Aldrich, 1 mM 

(9.7 ± 0.8) ×1018 M-

2 
− 209 ± 8 

− 103 ± 

0.1 
106 ± 8 (5 ± 1) % 

In-house 1, 0.2 

mM 

(9.3 ± 0.8) ×1017 M-

2 
− 187 ± 8 

− 103 ± 

0.2 
84 ± 8 (11 ± 1) % 

In-house 2, 0.2 

mM 

(7.4 ± 0.8) ×1017 M-

2 
− 208 ± 8 

− 102 ± 

0.2 
106 ± 8 (10 ± 1) % 

 

 

 

Figure 5.7 (a) Trimer and monomer concentrations after each titration. (b) Concentrations 

of reacted trimer and monomer reacted in each titration. (c) Percentage of A and A3 reacted 
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in each titration from the total amount left after the titration. (d) Trimer dissociation 

equilibrium constant K2 (M
2) after each titration before L : Pd = 2. Simulation parameters 

are the same with the fitting results shown in Table 5.2: 0.2 mM Pd, 5.0 mM TOP, 4.0 μ

L / injection, initial cell volume 750 μL, K1 = 6.8 × 1043 M-6, K3 = 9.3 × 1017 M-2, ΔH1 = - 

237 kJ / mol, ΔH3 = - 187 kJ / mol, [A]0 = 0.028 mM (14 %). 

 

K2 (trimer dissociation constant) is very low and therefore, the existence of significant 

monomer concentration (as confirmed by FTIR) at room temperature indicates that the 

trimer formation, 3[A] ↔ [A3], is kinetically limited. This is important as it shows that 

initially all the [A] in solution is from the original monomers impurity and all the [A3] is 

from the original trimers. In other words, there was no trimer – monomer transformation 

happening during the titrations. Consequently, the system (A3 and A in solution without L) 

starts away from equilibrium. In the first (or first few titrations), a comparatively high 

portion of [A] has to react to bring all the species to the concentrations that satisfy both 

equilibriums: 𝐾1 =
[𝐴𝐿2]𝑖

3

[𝐴3]𝑖[𝐿]𝑖
6  and 𝐾3 =

[𝐴𝐿2]𝑖

[𝐴]𝑖[𝐿]𝑖
2 , and as a result, the trimer – monomer 

equilibrium, 𝐾2 =
[𝐴]𝑖

3

[𝐴3]𝑖
 .  

After the system reaches equilibrium, since A3 and A reactions with L produce the same 

complex, AL2, but with 3:1 stoichiometry, this places further restriction on the amount of 

A that reacts with L in each titration, which is why the mixture does not behave as a 

mathematical addition of the individual isotherms. Since 𝐾2 =
[𝐴]𝑖

3

[𝐴3]𝑖
 is a constant, after each 

titration the amount of [A] remains in the solution is proportional to [A3]
1/3. 𝐾2, as the 

fitting result shows, is in the order of 10-10 M2, and [A3] is in the order of 10-5 M. So [A]3 

should be maintained at ~10-15 M3 ([A] ~ 10-5 M) M in the first titrations. Therefore, in 
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Figure 5.9(b) in the first titration, 1.01×10-5 M out of 2.79 ×10-5 M of A reacted to satisfy 

the equilibrium, which is a large portion of the total amount of [A] ([A]0 = 2.8 × 10-5 M). 

During the first titrations, almost all the L were consumed in each titration, and [A] and 

[A3] should be maintained at 𝐾2 =
[𝐴]𝑖

3

[𝐴3]𝑖
 ~ 10-10 M2, and there is still large amount of 

unreacted [A] existing in the solution. Due to the higher affinity of trimer (𝐾1 > (𝐾3)
3), 

more trimers react than monomers until L:Pd approaches 2 ((Figure 5.9b and 5.9c).  

When close to that ratio, the remaining concentration of monomers becomes higher than 

that of the trimers, and the significant amount of heat from the monomer-ligand reaction 

(Eq. 3) results in the dip. In other words, at the dip, which are at the last few titrations 

before the ratio of 2, [A3] drops to much smaller value from 10-5 M to 10-8 M which forces 

[A] to drop faster than previous titrations, but maintain at 10-6 M, which becomes higher 

than [A3]. Therefore, there is a “dip” which is a consequence of large amount of [A] 

reacting at this point.  

Overall, the curve shape comes from two factors: 1) both reactions are in equilibrium and 

have AL2  as their product and 2) there exists a high kinetic barrier for trimer – monomer 

transformation, thus, before adding ligands to the solution, the trimer – monomer is not in 

equilibrium, and during the titrations there is no trimer – monomer transformation in the 

solution. 

 

Table 5.8 Extracted thermodynamic parameters of TOP binding with Pd3(OAc)6 by varying 

K1 per site for trimer-ligand reaction by 4 times and by half at 25 °C using the trimer-

monomer model, to show the sensitivity of other thermodynamic values to K1. The 

impurity (initial monomer concentration [A]0) content from the fitting results are 14 %, 14 
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% and 13 %, respectively, in a total concentration of 0.2 mM Pd acetate. The errors are the 

standard deviations of these three fitting results. The thermodynamic parameters extracted 

by the model varied by less than 10 % for enthalpy and Gibbs free energy, and less than 

30% for entropy. 

 

Variation of K1 

per site 

Equilibrium constant 
∆𝑯 

(kJ/mol) 
∆𝑮 (kJ/mol) 

-𝑻∆𝑺 

(kJ/mol) 

𝑨𝟑 + 𝟔𝑳
𝑲𝟏
↔ 𝟑𝑨𝑳𝟐 

original fitting 

2.02 × 107 M-1 

6.8 × 1043 M-6 
− 237 ± 

0.5 
− 250 ± 9 − 13 ± 5 

4x 

8.08 × 107 M-1 

4.3 × 1045 M-6 
− 236 ± 

0.5 
− 261 ± 9  − 25 ± 5 

0.5x 

1.01 × 107 M-1 

1.0 × 1042 M-6 
− 237 ± 

0.5 
− 240 ± 9 − 17 ± 5 

𝑨𝟑
𝑲𝟐
↔  𝟑𝑨 

original fitting 
(8 ± 0.9) ×10-11 M2    323 ± 17 57.6 ± 0.3 

 − 266  ± 

17 

4x 
(8 ± 0.9) ×10-11 M2    328 ± 17 57.6 ± 0.3 

 − 271 ± 

17 

0.5x 
(6 ± 0.9) ×10-11 M2    362 ± 17 58.3 ± 0.3 

 − 304 ± 

17 
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𝑨 + 𝟐𝑳
𝑲𝟑
↔  𝑨𝑳𝟐 

original fitting (9.3 ± 15) ×1017 M-2 − 187 ± 5 − 103 ± 3   84 ± 8 

4x (3.8 ± 1.5) ×1018 M-2 − 188 ± 5 − 106 ± 3   82 ± 8 

0.5x (2.6 ± 15) ×1017 M-2 − 199 ± 5   − 99 ± 3 100 ± 8 

 

Table 5.9 Estimation of uncertainty for the trimer-monomer model fitting parameters for 

TOP titrating impure Pd3(OAc)6 with different concentrations (in Table 5.3) with 68.3 % 

confidence level. 

Initial Pd acetate 

concentration (mM) 
K3 monomer overall 

ΔH3 

monomer 

overall 

(kJ/mol) 

ΔH1 trimer 

overall 

(kJ/mol) 

A0 

0.2 (9.3 ± 1.8) × 1017 M-2 − 187 ± 33 − 236 ± 2 14 %  ± 3% 

0.5 (6.5 ± 0.6) × 1017 M-2 − 181 ± 17 − 242 ± 10 13 % ± 1 % 

1.0 (4.0 ± 1.5) × 1017 M-2 − 194 ± 27 − 248 ± 19 12 % ± 2 % 
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Figure 5.8 Simulated ITC heat of reaction using the trimer-monomer model with different 

initial total Pd acetate concentrations and the same monomer content. Simulation 

parameters: for 0.2 mM Pd, TOP = 5.0 mM, 4.0 µL / injection; for 0.5 mM, TOP = 10.0 

mM, 5.0 µL / injection; for 1.0 mM Pd, TOP = 15.0 mM, 5.0 µL / injection. Initial cell 

volumes are 750 µL. The thermodynamic parameters used in the simulation are from the 

trimer-monomer model result for impure in-house Pd acetate ITC in Table 5.3 (initial Pd 

acetate 0.2 mM). With the increase of total Pd acetate concentration and monomer content, 

the reacted monomers in the first (or first few) titration have to increase to reach 

equilibrium. 

Other possible impurities  
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Though the IR spectra for impure Pd3(OAc)6 samples show vibrations characteristic of 

monomers, it is difficult to separate and independently characterize them at this low-

content (<10%). To exclude the possibility that the  features in the ITC heat of reaction 

are due to trimeric impurities9, 10, 12  (e.g. Pd(OAc)5(OH) or Pd(OAc)5(NO2)) reactions, a 

model with a mixture of Pd3(OAc)6 and a trimeric impurity, Pd3(OAc)5X where X is a 

substituted group OH or NO2, was also developed (see details in Supporting Information). 

Assuming the impurity is in the form of A2B, the dissociation of the trimer, A3 and the 

impurity, A2B, and binding with TOP can be described by the following reactions, 

where∆𝐻1 and ∆𝐻𝐴2𝐵 are the reaction enthalpies, and 𝐾1 and 𝐾𝐴2𝐵 are the equilibrium 

constants: 

𝐴3  +  6𝐿
𝐾1
↔3𝐴𝐿2                   ∆H1                              𝐸𝑞. 𝑆15 (𝐸𝑞. 1) 

𝐴2𝐵 + 6𝐿
𝐾𝐴2𝐵
↔  2𝐴𝐿2 + 𝐵𝐿2          ∆HA2B                                        𝐸𝑞. 𝑆26 

𝐵𝐿2  is another binding product Pd(OAc)X(TOP)2; Z1i of 𝐴3  trimers and Z3i of 𝐴2𝐵 

trimers bind with TOP where Z1i and Z3i represent the extent of each reaction. Similar 

to Eqs. S16 - S19, the concentrations of different species after each titration can be 

shown as: 

[𝐴3]𝑖 = (1 − 𝑍1i)[𝐴3]0                                                       𝐸𝑞. 𝑆27 

[𝐴2𝐵]𝑖 = (1 − 𝑍3i)[𝐴2𝐵]0                                                    𝐸𝑞. 𝑆28                     

[𝐴𝐿2]𝑖 = 3𝑍1i[𝐴3]0 + 2𝑍3i[𝐴2𝐵]0                                          𝐸𝑞. 𝑆29 

[𝐵𝐿2]𝑖 = 𝑍3i[𝐴2𝐵]0                                                             𝐸𝑞. 𝑆30 

[𝐿]𝑖 = [𝐿𝑇]𝑖 − 6(𝑍1i[𝐴3]0 + 𝑍3i[𝐴2𝐵]0)                                       𝐸𝑞. 𝑆31 

Where [𝐴2𝐵]0  is the initial concentrations of Pd3(OAc)5X  trimers; [𝐵𝐿2]𝑖  is the 

concentration of Pd(OAc)X(TOP)2 after the ith titration. 
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The equilibrium constants can be written including all species in each titration: 

𝐾1 =
[𝐴𝐿2]𝑖

3

[𝐴3]𝑖[𝐿]𝑖
2                                                  𝐸𝑞. 𝑆21 (𝐸𝑞. 6) 

𝐾𝐴2𝐵 =
[𝐴𝐿2]𝑖

2[𝐵𝐿2]𝑖

[𝐿]𝑖
6[𝐴2𝐵]𝑖

                                                          𝐸𝑞. 𝑆32 

Similarly, for a given [𝐴2𝐵]0 and 𝐾𝐴2𝐵,  Z1i and Z3i  can be solved by substituting Eqs. 

S22 - S32 into Eq. S21 and Eq. 33.,  For a given  𝛥𝐻1 and 𝛥𝐻𝐴2𝐵, the total cumulative 

heat after ith titration 𝑄𝑖𝑎 can be calculated from: 

𝑄𝑖𝑎 = Z1i[𝐴3]𝑖−1(𝛥𝐻1) + Z3i[𝐴2𝐵]𝑖−1(𝛥𝐻𝐴2𝐵)                                   𝐸𝑞. S33 

The heat generated in each titration the heat can be calculated from: 

𝑄𝑖+1 = 𝑄(𝑖+1)𝑎 − 𝑄𝑖𝑎                                                        𝐸𝑞. 𝑆34 

𝑄1 = 𝑄1𝑎                                                                   𝐸𝑞. 𝑆35 

The experimental accumulated heat 𝑄𝑖𝑎𝑒𝑥𝑝 can be calculated by adding the heats 𝑄𝑖𝑒𝑥𝑝 

from the 1st to the ith titration: 

                   𝑄𝑖𝑎𝑒𝑥𝑝 =∑ 𝑄𝑖𝑒𝑥𝑝                                                            𝐸𝑞. 𝑆36
𝑖
1  

The best fit was obtained by minimizing the normalized residual sum of error squares: 

Normalized residual sum of error2 =∑
(𝑄𝑖 − 𝑄𝑖𝑒𝑥𝑝)

2

𝑄𝑖𝑒𝑥𝑝
2

𝑖

1
                        𝐸𝑞. 𝑆37 

The fitting results are shown in Figure 5.11 and Table 5.10. The model failed in capturing 

both features of initial high exotherm and “dip” at critical ratio of 2, or giving consistent 

and physically reasonable thermodynamic parameters when using different Pd acetate 

concentrations. This different shape of total heat of reaction curve comes from different 

equilibrium relations as well as both reactions Eq. S15 and S26  are in equilbrium before 

the starting the ligand titration. Therefore, we conclude that the consistency between the 
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trimer-monomer model and the ITC results coupled with the IR spectra confirm the 

monomeric nature of the impurity in our Pd acetate trimers.  

 

Figure 5.9 ITC heat of reaction (black dots) of TOP titrating the same batch of impure 

Pd3(OAc)6 with different Pd intial concentrations at 25 °C. Model curve (black solid line), 

simulated Pd acetate trimer reaction heat (blue solid line) and trimer impurity reaction heat 

(red dash line) are obtained using trimeric impurity ITC model. For Pd = 0.2 mM, TOP = 

5 mM, injection volume = 4.0 µL; for Pd = 1.0 mM,  TOP = 1.0 mM, TOP = 15 mM, 

injection volume = 5.0 µL. The equilibrium constant for 𝑨𝟑 + 𝟔𝑳
𝑲𝟏
↔𝟑𝑨𝑳𝟐 is 6.61×1042 M-6. 
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Table 5.10 ITC trimeric impurity model results corresponding to Figure 5.9 at 25 °C. (a) 

are the results from the initial part of the isotherms; (b) are the results from fitting the dip 

part of the isotherms. 

(a) 

 

Fit initial part of the 

ITC heat curve 

Initial Pd acetate 

concentration 

(mM) 

Equilibrium 

constant (M-6) 

∆𝐇 

(kJ/mol) 

∆𝐆 

(kJ/mol) 

− 𝐓∆𝐒 

(kJ/mol) 

𝑨𝟑 + 𝟔𝑳
𝑲𝟏
↔𝟑𝑨𝑳𝟐 

0.2 6.61×1042  − 260.8 − 244.4 16.4 

1.0 6.61×1042  − 265.8 − 244.4 21.4 

𝑨𝟐𝑩 + 𝟔𝑳
𝑲𝑨𝟐𝑩
↔   𝟐𝑨𝑳𝟐 + 𝑩𝑳𝟐 

 

0.2 3.05×1052  − 510.0 − 299.6 210.4 

1.0 3.89×1051 − 596.1 − 294.5 301.6 

 

(b) 

Fit the “dip” part of 

the ITC heat curve 

Initial Pd acetate 

concentration 

(mM) 

Equilibrium 

constant (M-6) 

∆𝐇 

(kJ/mol) 

∆𝐆 

(kJ/mol) 

− 𝐓∆𝐒 

(kJ/mol) 

𝑨𝟑 + 𝟔𝑳
𝑲𝟏
↔𝟑𝑨𝑳𝟐 

0.2 6.61×1042 − 250.2 − 244.4 5.8 

1.0 6.61×1042 − 261.8 − 244.4 17.4 

𝑨𝟐𝑩 + 𝟔𝑳
𝑲𝑨𝟐𝑩
↔   𝟐𝑨𝑳𝟐 + 𝑩𝑳𝟐 

0.2 1.69×1040 − 514.0 − 229.6 284.4 

1.0 3.98×1039 − 336.0 − 226.0 110.0 

 

Table 5.11 The estimation of fit uncertainty with 68.3 % confidence value of ITC trimeric 

impurity model results corresponding to Figure 5.9 and Table 5.10. 

 

Initial Pd 

acetate 

concentration 

(mM) 

Equilibrium 

constant (M-6) 

∆𝐇𝟏(kJ/mol) 

A3 binding 

∆𝐇𝟐(kJ/mol) 

AB2 binding 
A30 (M) 

Fit initial 

part of the 
0.2 (5.59 ± 0.02) ×108  − 260.8 ± 69.7 − 510.0 ± 5.8 (6.2 ± 1.0) × 10-5 
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ITC heat 

curve 1.0 (3.97 ± 0.02) ×108 − 265.8 ± 84.1 − 596.1 ± 5.9 (3.1 ± 0.6) × 10-4 

Fit the “dip” 

part of the 

ITC heat 

curve 

0.2 (5.07 ± 0.09) ×106 − 250.2 ± 39.3 − 257.0 ± 28.2 (6.2 ± 0.6) × 10-5 

1.0 (3.98 ± 0.02) ×106 − 261.8 ± 61.2 − 336.0 ± 32.7 (3.1 ± 0.4) × 10-4 

 

 

Figure 5.10 ITC isotherm of BaCl2 titrating 8-crown-6 in aqueous phase at 25 °C. 

Experimental parameters: BaCl2: 200 mM, 8-crown-6: 17 mM, initial cell volume: 750 µL; 

injection volume: 5.0 µL. Independent model result with uncertainties at 99 % uncertainty 

level: binding equilibrium constant K = (5.4 ± 0.5) × 103 M-1, ΔG = - (21.3 ± 0.3) kJ / mol, 

ΔH = - (30.8 ± 0.3) kJ / mol, -TΔS = - (9.5 ± 0.6) kJ / mol, n = 1.00 ± 0.005. Literature 

reported values13: binding equilibrium constant K = (5.9± 0.2) × 103 M-1, ΔG = - (21.5 ± 

0.08) kJ / mol, ΔH = - (31.4 ± 0.2) kJ / mol, -TΔS = - (9.9 ± 0.3) kJ / mol, n=1. 
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Figure 5.11 ITC heat of reaction of TOP titrating pure in-house recrystallized Pd3(OAc)6 

(dots) and the independent model curve (line) using different software packages: (a) 

NanoAnalyze; (b) Excel (identical to Figure 4.2(b)) Experimental parameters:1 mM Pd, 15 

mM TOP, 4.5 μL / injection. Initial Pd3(OAc)6 solution volume is 750 μL. Time between 

two injections is 1800 s. 

 

Table 5.12 Fitting results using NanoAnalyze and Excel corresponding to Figure 5.11. 

Pd 

concentration 

K1 (M
-6) Binding ratio, n 

ΔH1 

(kJ/mol) 

ΔG1 

(kJ/mol) 

− TΔS1 

(kJ/mol) 

NanoAnalyze 6.61 × 1042 2.19 − 231.0 − 244.4 − 13.4 

Excel 3.64 × 1042 2.19 − 237.0 − 242.9 − 5.9 
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Figure 5.12 Images of pure in-house recrystallized Pd3(OAc)6 
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Abstract 

In this part of work, a systematic study was reported on the thermodynamic trend of 

complex metal binding with different tertiary phosphine ligands using ITC and NMR. 

Here, two square-planar Pd complexes in different solvent environments, i.e., Pd(OAc)2 in 

toluene and PdCl2(py)2 in pyridine were used, and the substitute groups on the phosphine 

ligand linearly changed from - ethyl (two carbons) to – octyl (eight carbons). NMR 

experiments show that there are two subsequential binding sites on PdCl2(py)2, and all the 
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binding products PdCl2(PR3)(py), PdCl2(PR3)2, Pd(OAc)2(PR3)2 (PR3 – tertiary phosphine 

ligand) are in the same trans-configuration as the original complexes, indicating there is no 

configuration transformation in the binding reaction. ITC experiments show that for the 

Pd(OAc)2-ligand binding and the strong binding site on PdCl2(py)2, the binding affinity 

increases (and Gibbs free energy decreases) with the increase of the ligand chain length. 

This trend is because of the entropy penalty decreases with the chain length, whereas the 

enthalpy stays unchanged. A reasonable explanation is the randomness (flexibility) of the 

longer chains were not restricted as much as shorter chains. The finding, which is different 

from the common enthalpy-entropy compensation, might be a unique behavior in high 

binding affinity region, which needs further study in the future. 

Introduction 

Palladium complexes, e.g., PdCl2 and Pd(OAc)2 are common pre-catalysts1-4 for 

homogenous catalysis reactions and precursors for the synthesis of colloidal Pd 

nanoparticles5-8. It is believed that the ligand bond stability and the steric configuration of 

the metal-ligand binding complex9-11 in different solvent environments may affect the 

catalytic performances10, 12-15 and the nanoparticle synthesis kinetics5. Therefore, it is 

important to investigate and compare the binding affinity of different ligands to metal 

complexes, and their steric effects on the binding affinity. 

When evaluating the binding strength between the ligand and metal, Gibbs free energy 

(ΔG) of the binding reaction is a universal thermodynamic criterion describes the stability 

of the binding product. ΔG of the reaction at a specific temperature (T) is decided by both 

reaction enthalpy (∆H) and entropy (∆S) (∆G = ∆H‐T∆S), and either or both can be 
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significant factors depending on the reacting species and reaction environment (gas of 

liquid). For reactions between gas phase ligands and a metal (for example, gas adsorption 

(binding) on a catalytic metal surface), the binding energy usually accounts only for the 

enthalpy16 (adsorption heat) as the criterion of the binding stability. It is reasonable to use 

such an evaluation without comparing the change in entropy, since the small gas phase 

molecules can be treated approximately as rigid molecules without internal bond flexibility 

which lose same degrees of translational and rotational freedom after absorption, indicating 

similar entropy losses. However, when the binding ligands have a bulky geometric 

structure (e.g. long chain or bulky carbon ring) that occupies considerably large volume, 

the internal randomness could represent a large portion of the total molecule entropy. 

Therefore for larger molecules, entropy could play a significant role during the binding 

with the metal by shifting the acceptor configuration, or decreasing the degree of freedoms 

of ligand internal bonds, both through steric interactions between the ligand substituent and 

the acceptor17. For gas phase molecules including long-chain alkanes (up to n-decane) 

adsorbing on a flat surface, Campbell and Sellers18 studied the entropy penalty (decrease) 

before and after adsorption is roughly 2/3 of the gas molecules. Dauenhauer and 

Abdelrahman19 reported a slightly more complicated situation where the adsorption 

happened on a porous surface with cavities on which the confinement effect from the cavity 

would reduce the entropy (mainly translational and rotational) more than on a flat surface.  

In the liquid phase, in many cases, the binding of small molecular acceptors and ligands 

are enthalpically driven20-22 (i.e., the binding enthalpy is dominant in absolute value), due 

to the strong ligand electron donation to the empty molecular orbital on the acceptor. While 

at the same time, previous studies have shown the change in the steric interactions between 
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different carbon substituents on the ligands, or the substituents with the bonded metal 

center can result in large variation in the geometric freedom and the binding entropy23. 

Thus, the entropic contribution can have equal, or sometimes dominant effect on the ligand-

metal binding strength and product stability24-25. Much effort has been made to determine 

the electron donating ability and steric interactions of phosphine ligands. The most well-

known parameters are the Tolman’s electronic parameter (ν) and cone angle (θ)26. 

Tolman’s electronic parameter is a criterion for the electron donating (or withdrawing) 

ability of ligands (L), which is evaluated by the frequency of the Al carbonyl vibrational 

mode of Ni(CO)3L in CH2C12 measured by infrared spectroscopy. A strong electron-

donating ligand can decrease the CO stretching frequency due to an enhanced back-

bonding to pπ* from the electron-rich metal. The concept of cone angle (θ), as the steric 

parameter26, is representative of the apex angle of the cylindrical cone of a tertiary ligand 

from an origin of 2.28 Å to the phosphorous atom. The Tolman’s electronic parameter and 

the cone angle are not direct quantities that can be applied and correlated with 

thermodynamic properties especially in a binding reaction, and sometimes fail to describe 

the ligand binding on other metals, or distinguish the similar structure of ligands, e.g., 

tertiary ligands with different length of linear carbon chains. 

Experimental studies on the thermodynamics of ligands - metal complex binding (or 

substitution) are mostly focused on enthalpies27-30, due to its direct correlation with the 

reaction heat which is easy to obtain experimentally (calorimetrically). In terms of the 

entropy which is mainly considered as a combination of vibrational, rotational and 

translational motions, the description of these motions are built upon statistical theories31, 

and spectroscopic experiments26, 32. A number of theoretical approaches to estimate the 
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entropic contribution have been developed using simplified molecular models or 

environment33. In the gas phase, rotational and translational motions can be evaluated 

through experiments or theoretical calculations with fair confidence18. While in the liquid 

phase, there is a lack of satisfactory establishment of theories and experimental 

methodologies due to the complexity of the species interactions (e.g. solvation effects34-35) 

and difficulties of separating different motions experimentally32. Due to these challenges, 

there are inconsistencies between theoretical calculations and the experimental results for 

the evaluation of entropy 36. 

Isothermal titration calorimetry (ITC) is a technique capable of measuring the binding heat 

of molecules in the solution phase37-38. Further, the binding thermodynamic quantities (ΔG, 

and ∆S) can be extracted through fitting the heat curve with appropriate models, with a 

wide application in association thermodynamic studies of biomolecules and metal 

species20-21, 39-52. Compared with other traditional ways53-54 (e.g. spectrophotometry55, 

nuclear magnetic resonance56-57, or potentiometry58) of measuring binding equilibrium 

constants based on equilibrium concentrations to obtain ΔG, the advantage of ITC is giving 

an approach to quantify ∆H and ∆S and thus evaluate their contributions to the free energy. 

Calorimetry was initially employed for measuring the binding enthalpy39 but later 

developed for free energy and entropy quantification, especially for bimolecular bindings 

in which the geometric hindrance of the binding sites play critical role59-62. Metal complex 

binding with bulky ligands in different solvents was also studied since the electronic and 

steric characteristics of the organometallic complex may enhance the catalyst stability and 

affect the reaction mechanism17, 63. Moschetta et al.20-21 conducted systematic studies using 

ITC on the binding thermodynamics of PPh3 and bidentate phosphine ligands to PdCl2 in 
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different solvents. Despite an argument that if the chelate coordination is entropically or 

enthalpically driven, the quantification of all the thermodynamic quantities offered a direct 

comparison not only between the metal-ligand association strength but more importantly, 

the entropic contributions to the binding Gibbs free energy which is not easy to obtain by 

other techniques.   

In this study, ITC was used to systematically measure the thermodynamics of tertiary 

phosphine ligands of different linear chain lengths binding with square planar Pd 

complexes, i.e., Pd(OAc)2 and PdCl2(py)2, to observe the effect of ligand chain length on 

the Gibbs free energy, enthalpy and entropy of binding. A trend in the Gibbs free energy 

decreasing with the chain length was found, indicating the binding affinity increases. The 

results show that the Gibbs free energy drop is from the entropy penalty increase when the 

enthalpy stays almost unchanged, indicating the steric interactions can be important in 

affecting the binding thermodynamics. 

Materials and Methods 

Materials. Trioctylphosphine (Sigma-Aldrich, 97 %), trihexylphosphine (TCI, 90.0%), 

tri-n-butyl phosphine (ALDRICH, 97 %), tripropylphosphine (Sigma-Aldrich, 97 %), 

triethylphosphine (ALDRICH, 99%), glacial acetic acid (SIGALD, 99.99%), anhydrous 

toluene (SIAL, 99.8) and anhydrous pyridine (DriSolv, 99.8%) were used without further 

purification. Two palladium complexes were used in ITC and NMR experiments: PdCl2 

(Alfa Aesar, 99.9 %) was used as received and palladium acetate (Sigma-Aldrich, 99.9 

%) was used after recrystallization. The palladium acetate recrystallization procedures 
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have been reported in previous studies5. Deuterium pyridine-d5 (Alfa Aesar, 99.5 %) and 

toluene-d8 (Alfa Aesar, 99.6 %) were used as NMR solvents 

Nuclear magnetic resonance (NMR) measurements. All the NMR solvents were used 

after degassing with nitrogen at 10 mL/min for 30 min. Each NMR tube was loaded with 

0.7 mL solution of 10 mM PdCl2 in pyridine-d5 or 20 mM palladium acetate in the nitrogen 

glovebox, and sealed with rubber septa. One-dimensional 31P NMR spectra with proton 

decoupling were performed at 25 °C on a Bruker AVANCE II 202.47 MHz system 

equipped with a 5 mm broad band prodigy cryo probe. 31P NMR parameters included a 

total of 256 transients, 64 K data points, spectral width of 59.5 kHz and a relaxation delay 

of 5.0 s between the transients. Apodization corresponding to a line broadening of 1.0 Hz 

was applied before Fourier Transformation. Resonances were assigned based on the 

chemical shift position of external standard 85% H3PO4 singlet at 0 ppm.  

ITC experimental procedures. ITC experiments were performed on TAM III 

calorimeter (TA Instruments, New Castle, DE). Two 1 ml hastelloy cells were equipped 

as sample cell and reference cell. A 500 μL syringe was controlled by a syringe pump, 

connected with a titration cannula inserted in the sample cell for ligand injection.  All the 

ITC experiments were done under 100 rpm stirring using dynamic correction mode at 25 

°C. All the solvents were degassed with 10 mL / min nitrogen for 30 min before use. All 

agents were mixed and loaded in nitrogen atmosphere to avoid oxygen contact. 750 μL of 

1 mM palladium complex solution and the same amount of solvent was loaded in the 

sample cell and reference cell, respectively. 500 μL TOP (15 mM unless otherwise 

mentioned) in toluene was loaded into the syringe. The experiment started after the power 

rating baseline reached a steady-state. In each titration, 4 – 5 μL of ligand solution was 
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injected into the sample solution under 100 rpm stirring within 10 s. The detailed 

concentrations and other experiment parameters of each experiment are shown in Table 1 

(volume of Pd acetate solution Vsample, volume of ligand solution in each injection Vinj, 

total number of injections Ninj, interval time between consecutive injections tinj). The heat 

generated from each titration was measured and is shown as a positive peak for 

exothermic and negative peak for endothermic enthalpies. The next titration started after 

the heat flow reached a stable baseline which for the reported experiments was 30 min. 

Blank titration experiments were also performed with the same titration parameters to 

measure the heat of mixing by titrating a ligand solution into the pure solvent.  The blank 

isotherm was later subtracted from ligand-Pd acetate isotherm to account for the heat of 

mixing. 

Table 6.1 Experimental parameters of phosphine ligand titrating pure and impure in-

house Pd3(OAc)6 in toluene, PdCl2 in pyridine and PtCl2 in pyridine. 

Palladium 

complex 

Complex concentration 

(mM) 

TOP 

(mM) 

Vsample 

(µL) 

Vinj 

(µL) 

tinj (s) 

Pd(OAc)2 1.0 15 750 4.5 1800 

PdCl2 1.0 25 750 4.5 1800 

PtCl2 1.0 15 750 4.5 1800 

 

ITC models and fitting. For the ITC experimental results of pure batches of Pd3(OAc)6, 

and PdCl2(py)2, the fits were conducted in NanoAnalyze using independent and multi-site 

models64, respectively. For the ITC experimental results of impure batches of Pd3(OAc)6, 

the methodology has been reported in Chapter 4 and SI Chapter 522. Briefly, a code was 

developed in MATLAB 2016b to fit the isotherm by changing the initial trimer 

concentration ([A3]0), TOP-monomer binding reaction enthalpy (ΔH3), TOP-trimer overall 
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reaction enthalpy (∆H1) and TOP-monomer binding equilibrium constant (K3). The best 

fit was obtained by minimizing the normalized residual sum of squares. The detailed model 

description for the thermodynamic property extraction of ligand-Pd(OAc)2 binding 

reaction was shown in Chapter 4 and 5. 

Results and Discussions 

Cis and trans configurations of ligand-metal binding complexes 

The binding entropy is not only decided by the binding ligands. In a lot of binding systems, 

the binding events would be coupled with a configurational transformation of the acceptor 

complex to a relatively more stable status, or a mixture of different isomers. Therefore, 

confirming the configuration of the square planar Pd complexes (trans or cis) before and 

after the binding reaction is critical to the interpretation of the results, especially the binding 

entropy values. Figure 6.1, 6.2 and 6.3 show the 31P NMR spectra of Pd(OAc)2(PR3)2, 

PdCl2(PR3)(py) and PdCl2(PR3)2, and the 1H NMR spectra of PdCl2(PR3)2 in their 

corresponding solvents to identify the binding complex configurations. All the 

Pd(OAc)2(PR3)2  in Figure 8.1 show a downfield chemical shift only, which corresponds to 

the trans configuration of the square planar complex which is consistent with previous 

studies11, 65. Additionally, according to the Cambridge Structural Database, no square 

planar complexes of Pd(II) with cis arrangement of two carboxylates and two other acyclic 

ligands are known. In Figure 8.2, the chemical shifts of PdCl2(PR3)(py) with different PR3 

ligands are in similar downfield regions with previous studies66-67 where both the trans-

PdCl2(n-TBP)(py) and trans-PdCl2(TOP)(py) had a chemical shift of 27.3 ppm in 

chloromethane, indicating all the complexes are in trans configuration. For the PdCl2(PR3)2, 
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the 31P NMR are all corresponding to trans configuration which is in downfield region 

similar to what was previously reported66-67 for Pd(OAc)2(TEP)2 at 17.8 ppm, 

PdCl2(PPR3)2 at 9.2 ppm, and PdCl2(n-TBP)2 at 10.0 ppm. The 1H NMR of PdCl2(PR3)2 is 

shown in Figure 6.3 and all the complexes show a triplet for –CH3 at the far end of the 

alkane chains for both bonded ligands, without any observation of doublet peaks, which 

indicates all the binding products are in trans configurations68.  

 

Figure 6.1 31P NMR (202.47 MHz) spectrum of ligand : Pd(OAc)2= 2 in molar ratio with 

20 mM Pd acetate in toluene-d8 with different ligands: (a) triethylphosphine (b) 

tripropylphosphine (c) tributylphosphine (d) trihexylphosphine (e) trioctylphosphine 
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Figure 6.2  31P NMR (202.47 MHz) spectrum of ligand : PdCl2= 1 (left) and 2 (right) in 

molar ratio with 10 mM Pd acetate in pyridine-d5 with different ligands: (a) 

triethylphosphine (b) tripropylphosphine (c) tributylphosphine (d) trihexylphosphine (e) 

trioctylphosphine 

 

Figure 6.3 1H NMR (500.16 MHz) spectrum of 20 mM ligands, and ligands : Pd acetate = 

2 with 20 mM Pd acetate in pyridine-d5 with different ligands: (a) triethylphosphine (b) 

tripropylphosphine (c) tributylphosphine (d) trihexylphosphine (e) trioctylphosphine. For 

triethylphosphine, two isomers exist with equal amounts in the pure ligands which show 

up as two triplets next to and partially overlapping with each other. The Pd(OAc)2(TEP)2 
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formed with two TEP isomers are both in trans-configurations, with one peak in the triplets 

overlapping. For tributylphosphine, the ligand consists of one majority linear isomer with 

two other minority isomers. Pd(OAc)2(TBP)2 with the majority of TBP isomer is in trans-

configuration. 

Comprehensive studies have been reported on the trimeric nature of crystallized Pd acetate 

in non-coordinating solvents including toluene69-71. As discussed in the last chapter, the 

binding with PR3 happens simultaneously with the trimer dissociation, i.e., the bond 

breaking between bridging oxygen in the acetate groups and Pd. This bond-breaking and 

binding process would be most likely directing the configuration to a favorable trans 

configuration with higher degree of symmetry and lower configuration entropy. For 

square-planar complex trans-PdCl2(py)2, both the first and the second binding result in 

trans configuration of complexes. Therefore, it is unlikely that a configurational 

transformation is involved in either of the binding processes to PdCl2(py)2 and Pd(OAc)2. 

Note that due to the coordination of pyridine molecules on the PdCl2, the PR3 binding is a 

ligand substitution, where a strong ligand “kicks out” the weakly bonded pyridine in each 

binding step. There could be a transition configuration existing during the substitution 

reaction, whereas the thermodynamics we measure is only related to the initial and final 

status. In other words, even if the configuration changes in the first binding step, it will 

change back to trans-configuration in the second binding step. Therefore, the transitional 

entropy should be compensated by the reversed configuration transition back to the square-

planar trans-configuration. 
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Thermodynamic properties of the binding reactions 

Based on the NMR characterization results of the binding products, the binding reactions 

can be described by Scheme 8.1 and 8.2. The sequential binding of PdCl2(py)2 indicates 

the binding sites have different thermodynamic properties. For Pd(OAc)2, due to its similar 

square-planar structure as PdCl2(py)2, it is highly likely that the two binding sites also have 

different properties, even though they are not differentiable by our measurements.   

 

Scheme 6.1 PR3 binding with Pd(OAc)2 monomer and Pd3(OAc)6 trimer with the same 

binding product trans-Pd(OAc)2(PR3)2. When TOP binding to an “impure” trimeric Pd 

acetate with monomeric Pd acetate, both binding reactions will happen. 

 

Scheme 6.2 Sequential bindings (substitution of pyridine) of PR3 to trans-PdCl2(py)2. The 

first PR3 binding produces trans-PdCl2(PR3)(py), and the second produces trans trans-

PdCl2(PR3)2. 
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ITC experiments were conducted using different phosphine ligands titrating pure trimeric 

Pd3(OAc)6 in toluene, and PdCl2(py)2 in pyridine. Table 8.2 shows the thermodynamic 

parameters of phosphine ligands binding to Pd3(OAc)6 trimer and Pd(OAc)2 monomer. 

As shown in the previous chapter, the thermodynamic parameter relations of ligand (L) – 

monomer (A) binding (A + 2L 
K3
↔AL2, ΔH3, ΔG3, TΔS3) , ligand (L) – trimer (A3) reaction 

(A3  +  6L
K1
↔3AL2, ΔH1, ΔG1, TΔS1) and trimer (A3) dissociation 

(A3
K2
↔ 3A, ΔH2, ΔG2, TΔS2) are shown in the following equations: 

K1 = K2(K3)
3 

∆H1 = ∆H2 + 3∆H3 

The thermodynamic properties of the trimer dissociation have been calculated in the last 

chapter using the trimer-monomer model in TOP titration Pd3(OAc)6. The results are shown 

in Table 8.2. Based on the above equations and the trimer dissociation thermodynamic 

properties, the thermodynamic properties of the measured pure ligand-trimer reactions and 

the calculated ligand-monomer bindings were reported in Table 8.3. The results show that 

the binding is enthalpy driven, but the entropy contribution is large. An unusual trend of 

the binding thermodynamics changing with the chain length was observed. The binding 

equilibrium (and the Gibbs free energy) increases with the chain length mainly because of 

the increasing absolute value of the entropy penalty of ligand-monomer binding instead of 

the enthalpy which is almost constant.This indicates that within this comparatively strong 

binding regime (with a high equilibrium constant value), the electron donating ability of 

the phosphine ligands is not significantly affected by the chain length.  
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Table 6.2 Extracted thermodynamic parameters of TOP binding with Pd3(OAc)6 at 25 °C 

using the trimer-monomer model. The impurity (initial monomer concentration [A]0) from 

the fitting result is 0.028 mM (14 ± 1 %) in a total concentration of 0.2 mM Pd acetate. The 

detailed discussion on these results can be found in Chapter 4.  

  

Equilibrium constant ∆G (kJ/mol) ∆H (kJ/mol) − T∆S (kJ/mol) 

A3 + 6L
K1
↔3AL2 

6.8 × 1043 M-6 − 250 − 237 ± 20 − 13 ± 20 

A3
K2
↔  3A 

(8 ± 1) ×10-11 M2 58 ± 0.7 323 ± 35 − 266 ± 35 

A + 2L
K3
↔  AL2 

(9.3 ± 0.8) ×1017 M-2 − 103 ± 0.2 − 187 ± 8 84 ± 8 

 

Table 6.3 Thermodynamic parameters of phosphine ligands binding with Pd(OAc)2 at 25 

°C from the trimer-monomer model. The uncertainty values for TEP, PPr3, TBP, and 

THP were calculated from the trimer dissociation uncertainty from the TOP titrating 

experiment in Table 8.2. The subscriptions 1, 2 and 3 refer to trimer-ligand reaction,  

monomer-ligand binding, and trimer dissociation reactions. K3=(K1/K2)
1/3, σK3 =

1

3
(
K1

K2
)
‐2

3
K1

K2
2 σK2. ∆H3 =

1

3
(∆H1‐∆H2), σ∆H3 =

1

3
σ∆H2 . ∆G3 =

1

3
(∆G1‐∆G2), σ∆G3 =

1

3
σ∆G2. T∆S3 =

1

3
(T∆S1‐T∆S2), σT∆S3 =

1

3
σT∆S2. ∆S3 =

1

3
(∆S1‐∆S2), σ∆S3 =

1

3
σ∆S2. 

 

 Reaction K (M-2) ∆G 

(kJ/mol) 

∆H 

(kJ/mol) 

- T∆S 
(kJ/mol) 

∆S (J / 

mol K) 

TEP A3 + 6L ↔ 3AL6 7.66 ×1027 -159.2 -237.0 77.8 -261.1 

A + 2L ↔  AL2 (4.58 ± 

0.01)×1012 

-72.3  ± 

0.2 

-186.7 ± 

11.7 

114.4 ± 

11.7 

383.7 ± 

39.1 

PPr3 A3 + 6L ↔ 3AL6 5.27 ×1031 -181.1 -218.6 37.6 -126.0 

A + 2L ↔  AL2 (8.70 ± 

0.02)×1013 

-79.6 ± 

0.2 

-180.5 ± 

11.7 

101.0 ± 

11.7 

338.7 ± 

39.1 

TBP A3 + 6L ↔ 3AL6 7.74 ×1038 -222.0 -230.4 8.4 -28.2 

A + 2L ↔  AL2 (2.13 ± 

0.15)×1016 

-93.2 ± 

0.2 

-184.5 ± 

11.7 

91.3 ± 

11.7 

306.1 ± 

39.1 
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THP A3 + 6L ↔ 3AL6 3.29 ×1040 -231.3 -229.8 -1.5 4.9 

A + 2L ↔  AL2 (7.43 ± 

0.98) ×1016 

-96.3 ± 

0.2 

-184.3 ± 

11.7 

88.0 ± 

11.7 

295.0 ± 

39.1 

TOP A3 + 6L ↔ 3AL6 6.61×1042 -244.4 -231 -13.4 45.0 

A + 2L ↔  AL2 4.36 ×1017 -100.7 ± 

0.2 

-184.7 ± 

11.7 

84.0 ± 

11.7 

281.7 ± 

39.1 

 

The same phosphine ligands-PdCl2(py)2 binding in pyridine was measured, and the heat 

curves show a “two-step” features indicating there are two different binding sites on Pd, 

which is consistent with the NMR results and previous studies20-21. The fitting results are 

reported in Table 8.3 and Figure 8.4 as the corresponding values per ligand to give a 

better illustration comparing the two binding sites.  The results show that for the weaker 

binding site (with a lower equilibrium constant), the thermodynamic values of different 

phosphine bindings do not have significant differences.  On the other hand, the stronger 

binding site displays similar trend as Pd(OAc)2, that the entropy penalty increases with 

the chain length while the enthalpy has no considerable variation, leading to stronger 

binding.   

 

Figure 6.4 Binding Gibbs free energy, enthalpy and entropy of different sites on 

PdCl2(py)2 changing with number of carbon on each chain. 
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Table 6.4 Thermodynamic parameters of phosphine ligands binding with PdCl2(py)2 at 25 

°C from the independent model. The concentration of PdCl2(py)2 is 1 mM. The ligand 

concentration is 25 mM. The injection volume is 4.5 µL. The time between two injections 

is 30 min. Table 6.5 Thermodynamic parameters of phosphine ligands binding with 

Pd(OAc)2 at 25 °C from the trimer-monomer model. The Pd(OAc)2 concentration is 1 mM. 

The ligand concentration is 15 mM. The injection volume is 4.5 µL. The time between two 

injections is 30 min. 

  
K

L
 (M-1) ∆G (kJ/mol) ∆H (kJ/mol) - T∆S 

(kJ/mol) 

∆S (J/mol 

K) 

TEP (7.4 ± 2.8) × 107 -44.9 ± 0.9 -60.5 ± 0.4 15.6 ± 1.3 -50.4 ± 4.3 

(4.0 ± 0.5) × 105 -32.0 ± 0.3 -44.4 ± 0.4 12.4 ± 0.7 -38.6 ± 2.5 

TpropP (7.1 ± 0.3) × 108 -50.5 ± 0.1 -61.9 ± 0.2 11.4 ± 0.3 -38.0 ± 1.0 

(7.3 ± 0.7) × 105 -33.5 ± 0.2 -43.8 ± 0.2 10.3 ± 0.4 -34.6 ± 1.5 

TBP (1.8 ± 0.2) × 109 -51.7 ± 0.3 -61.5 ± 0.2 9.8 ± 0.5 -29.1 ± 1.6 

(9.5 ± 0.5) × 105 -33.3 ± 0.1 -43.8 ± 0.2 10.4 ± 0.4 -32.6 ± 1.2 

THP (1.8 ± 0.2) × 109 -52.8 ± 0.3 -59.5 ± 0.2 6.6 ± 0.5 -22.5 ± 1.7 

(4.4 ± 1.1)× 105 -32.2 ± 0.6 -42.9 ± 0.3 10.7 ± 0.9 -35.8 ± 3.0 

TOP (1.0 ± 0.1) × 1010 -57.1 ± 0.3 -62.6 ± 0.3 5.5 ± 0.5 -18.5 ± 1.7 

(8.5 ± 1.5) × 105 -33.8± 0.4 -45.7 ± 0.3 11.9 ± 0.7 -39.8 ± 2.4 
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Figure 6.5 Binding Gibbs free energy, enthalpy and entropy of ligand to Pd(OAc)2 (in 

Scheme 8.1) changing with number of carbon on each chain. 

The interesting entropic behavior in both phosphine – Pd(OAc)2 coordination and 

phosphine – PdCl2(py)2 coordination suggest that the steric motions of the bulky ligand 

structure were restricted to different extents before and after the binding. Without a 

complex configuration transformation, this phenomenon is highly likely to have a close 

relation with the alkane chain length. Discussions are given in the following sections on 

the contribution of different entropy components. 

The entropic contribution of ligand internal randomness in ligand-metal complex 

binding 

As stated in the Introduction, the overall entropy components of a molecule are mainly 

vibrational, rotational and translational entropies, as well as internal randomness entropy 

if the molecule has bonded chain structure. In the binding events in the solution phase for 

small molecules without long chains, even though rotational and translational motions of 

the molecules are highly (but not completely) suppressed compared with that in the gas 

phase72-75, both entropy losses of rotation and translation still made a significant 
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contribution to the total entropy loss based on calorimetric experiments in a series of 

protein – DNA bindings compared with theoretical calculations36. After the association of 

two molecules, the twelve degrees of freedom of motion (three each for both rotational and 

translational motions per molecule) will be reduced to six (one molecule with three 

rotational and three translational motions) in a hypothetically “rigid” complex. While for 

the long chain molecules, besides the decrease of degrees of freedom of overall rotational, 

translational and vibrational motions, the internal motions (rotations) of single bonds 

would also become highly constrained when two molecules associate to form a stable 

complex23. Murray and coworker76 reviewed the entropy loss of small molecules and 

protein binding based on rigid body molecular structure. Both losses of translational and 

rotational entropy, which represent the majority of the total entropy, follows a linear 

dependence on the natural log of the molecular weight, which would be approximately 

proportional to the number of carbons if the ligands have the same carbon unit as in our 

studied system. However, the results in Figure 8.4 (a) and (b) do not follow a natural log 

correlation. This indicates that consequential entropic decrease of the metal complex – 

ligand binding with the chain length might be contributed dominantly by internal 

randomness reduction of the ligands 
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Figure 6.6 Binding entropy of phosphine ligands to (a) PdCl2 and (b) Pd(OAc)2 changing 

with carbon chain length (number of carbon on each chain). (c) and (d) are the binding 

entropies per carbon of two phosphine ligands binding to PdCl2 and Pd(OAc)2, 

respectively. 

 

In 1940, Huggins derived a set of equations to estimate the entropy of long-chain alkane 

molecules in the gas phase77. The four varieties of entropies, translational (Eq. 1), rotational 

(Eq. 2), vibrational (Eq. 3) and internal randomness (Eq. 4), are correlated to the number 

of carbons in a random kinking molecule: 

St (
cal

K mol
) = 26 +

3

2
Rln(n)                                           (1) 

Sr (
cal

K mol
) = 23 + 3Rln(n)                                            (2) 

Sv(
cal

K mol 
) = ‐2.88 + 1.76n  at 298 K                                    (3) 
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Sir(
cal

K mol 
) = ‐26 + 9n                                                 (4) 

Where n is the number of carbons. While in the liquid phase the values will be largely 

different from the gas phase due to solvation effects and the extensive suppression of the 

mobility and flexibility, the equations can provide an understanding of the general trend of 

the contribution of each entropy component to the total entropy. n was considered the 

number of carbon and phosphorous atoms together in the ligands. Note that even though 

the phosphine ligands have one phosphorous atom with a coordination number of 3 and a 

slightly higher molecular weight than carbon, the approximation of treating phosphorous 

as a carbon unit will not bring huge deviation to the trends. Figure 8.4 shows the calculation 

results of the different entropies for TEP, TpropP, n-TBP, THP and TOP in an ideal gas 

phase. It can be seen that for shorter chain length PR3 (smaller than n-TBP) the translational 

and rotational entropies represent high percentages of the total entropy. As the chain length 

increases, the values for all modes of entropy increase, but the internal randomness 

increases the most and becomes a significant fraction of the total entropy. The binding 

product would have similar levels of translational and rotational entropies within the 

molecular weight of the range.This suggests that the translational and rotational penalty of 

bindings might not contribute very much to the total entropy drop for longer chain lenghs, 

since before and after the binding, the translational and roatational states are not largely 

different between different ligands. . Thus, the binding reaction entropy is highly likely 

dominant by the loss of internal entropies of the ligand alkane chain.   
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Figure 6.7 (a) Theoretical translational, vibrational, rotational and internal randomness 

entropies and (b) percentage of internal randomness entropy in total entropy changing with 

the number of carbons in the molecules in the gaseous phase. 

Each bond in the free ligands would have specific rotational orientations depending on the 

bond angle, and the nearby environment (solvent molecules and neighborhood atoms). 

Based on equation (4), the internal randomness has a linear correlation with the number of 

units. This indicates that for free ligands, each unit contributes the same amount of internal 

randomness entropy, with no difference in relative geometrical location. When binding to 

the metal complex, these atoms’ motions would be further restricted by the steric forces 

from the metal and the complex binding groups. However, the degree of entropy loss is 
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different for different chain lengths, since the steric interaction is largely dependent on the 

number of atoms (bulkiness) between two affected groups. It is reasonable that shorter 

chain length of ligands has larger entropic penalty since the weak steric force of the ligand 

cannot compete with the complex group effectively, thus creating smaller free volume for 

bond motions. Whereas for longer chain length, the strong steric of the bulky group will 

have strong repulsion to the original acetate or chloride groups, and the bond rotation 

freedom of the atoms at the far end from the binding center will not be significantly 

affected. Therefore, for shorter chain lengths of ligands, the total internal entropy would 

decrease more dramatically than the longer chain length ligands since most of the carbon 

units are close to the metal binding center, and would have strong steric interactions with 

the metal groups. This could explain the trends in Figure 8.5 (a) and (b) for both PdCl2 and 

Pd(OAc)2, where the entropy decrease decays with the number of carbons. Figure 8.5 (c) 

and (d) show that the “entropy efficiencies”, i.e., the binding entropy divided by the total 

number of carbons on the two bonded ligands, decrease with the chain length, indicating a 

weakened metal complex interfere to the flexibility of the carbon units and the C-C bonds.  

Note that this entropy trend changing with ligand chain length was not observed in all the 

metal complex – ligand binding systems. Moschetta et al.20-21 measured the thermodynamic 

properties of monodentate and bidentate ligands binding with PdCl2(solv)2. The results 

show that the binding Gibbs free energy, enthalpy, and entropy are possibly correlated to 

multiple factors, i.e., ligand chain structure, binding complex configuration, and more 

interestingly, the overall binding equilibrium constant. In details, in MeCN solvent, both 

the stronger binding site (K ~ 109 – 108 M-1) and weaker binding site (K ~ 106 – 107 M-1) 

of PdCl2(MeCN)2 to PPh3 and P(p-FC6H4)3 have almost the same enthalpies on each site, 
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which is similar to the PdCl2(py)2 in this study. For the strong binding sites, the entropy 

difference is the main reason for the difference of the Gibbs free energy. While for the 

other ligands (PFu3, P(OPh)3 and P(o-tolyl)3), both enthalpy and entropy vary when the 

equilibrium constants are in the magnitude of 105 - 106 M-1. For the bidentate ligands, an 

entropy-enthalpy compensation was observed, and at the same time, all of the bindings 

come with a dramatic configurational change (e.g., trans-cis, two metal complexes with 

bridge ligand bindings). This indicates that when there is a configurational transformation 

for the complex before and after the binding, both the molecular orbital and the steric 

properties might be modified to the extent that the enthalpy and entropy will be affected.  

Conclusions 

The binding heats of tertiary phosphine ligands of different chain lengths to Pd(OAc)2 

and PdCl2(py)2 were measured using ITC, and the thermodynamic properties (Gibbs free 

energy, enthalpy and entropy) were obtained using different models corresponding to the 

binding modes. Both bindings, though are enthalpy driven, display the same trend of 

entropy loss upon binding that increases (more negative) with increasing ligand chain 

length. A general correlation between the overall binding entropies and the number of 

carbon unit in the alkane chains was established, showing a decay of binding entropy and 

“entropy efficiency” (entropy/carbon) when the chain length increases. Furthermore, a 

theoretical calculation on “random-kinking” alkane molecule was conducted, showing the 

percentage of internal randomness in total entropy increases with the chain length, and 

becomes a dominant component. It is likely that the bond motion (rotation) is suppressed 

to different extents depending on the distance between the carbon unit to the metal binding 
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center where the original binding group on the metal has a stronger steric hindrance to the 

neighbor atoms. The results show the importance of steric effects to the complex binding 

process and binding product stability.  
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Abstract 

Many studies have demonstrated the synthesis of colloidal metal nanoparticles with sizes 

below 10 nm by varying the synthesis conditions, such as temperature, type of metal 

precursor, ligand, reductant, and their concentrations. However, specific solvent effects on 

the metal-ligand interaction, and consequently on nucleation and growth kinetics are 

relatively unexplored and not well understood. In this study, we directly correlate the 

solvent coordinating ability and basicity (toluene, piperidine, 3,4-lutidine and pyridine) 

with the nucleation and growth rates and final sizes of Pd colloidal nanoparticles. We show 

that by varying the solvent, we can tune the reactivity of the Pd pre-reduction complexes 

and the effective surface ligand coverage to synthesize Pd nanoparticle sizes between 1.4 

– 5.0 nm with narrow size distributions. The synthesis kinetics (nucleation and growth 

rates) captured by in-situ small angle X-ray scattering (SAXS) show that coordinating 

solvents enhance the growth while inhibiting nucleation, and consequently increase the 

final nanoparticle size. 31P nuclear magnetic resonance (31P NMR), X-ray absorption fine 

structure (XAFS) and density functional theory (DFT) calculations indicate that lower 

reduction and nucleation rates originate from the solvent acting as a coordinating ligand 

that stabilizes the Pd acetate-trioctylphosphine (TOP) pre-reduction complex and increases 

its reduction free energy. On the other hand, DFT calculations suggest that the solvent 

coordination enhances surface growth by effectively reducing the trioctylphosphine 

surface coverage. The results demonstrate that solvents play an important role in 
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nanoparticle synthesis by affecting the reactivity of the metal-ligand pre-reduction complex 

and ligand capping on the nanoparticle surface. The findings represent a promising route 

for modifying the metal-ligand interactions using different solvents and ligands to control 

the nucleation and growth kinetics and final particle size.  

Introduction 

Strategies for predictably controlling the synthesis of colloidal metal nanoparticles are 

of extreme importance because their properties (catalytic, thermal, optical) vary with size, 

shape, and composition1-5.   Many studies have focused on controlling the size and shape 

of colloidal nanoparticles by changing synthesis reagents6-8 such as the precursors9-11, 

ligands12-16 or solvents17-19, or by changing the synthesis conditions20-21 such as 

precursor/ligand concentrations22-28 and reaction temperature29-31. Among these factors, 

ligands have gained significant attention due to their wide variety in terms of steric effect 

and binding strength with the metal precursor and nanoparticle surface. Many studies have 

shown the particle size and shape are affected by the ligand type14, 32-34 and concentration13, 

23, which have been attributed to differences in the precursor reactivity, or the ligand 

capping (strength or density) on the nanoparticle surface. These factors, which are largely 

dependent on the nature of metal-ligand interactions (binding), show that ligands play an 

important role in controlling the nucleation and growth rates. We have recently shown that 

the ligand could be responsible for the synthesis mechanism of colloidal metal 

nanoparticles (e.g. Pd35-36, Au37, Rh38 and Ir39)  not following the LaMer nucleation and 

growth model40. Specifically, instead of a short burst of nucleation followed by diffusion 

controlled growth (temporal separation), slow nucleation and temporal overlap of growth 
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have been reported by several groups13, 35-36, 38-39 and alternative mechanisms/models have 

been proposed35, 39, 41-44. Depending on whether the ligand binds more preferably to the 

metal monomers or to the nanoparticle surface, it will either inhibit the nucleation resulting 

in fast growth and large sizes of particles, or block the surface sites for growth resulting in 

a continuous nucleation and smaller sizes45-47.   

Organic solvents have been explored to vary the size and shape of colloidal 

nanoparticles17-19, 33, 48. Depending on the solvent molecular structure, they may affect the 

ligand capping density or binding strength on the nanoparticle surface through Van der 

Waals interaction with the ligand carbon chains18-19. Additionally, solvents can also act as 

ligands if they have considerable interactions with the metal complex or the nanoparticle 

surface. In the former case, coordinating solvents binding to the metal center can affect the 

precursor reactivity32, 34.  Other factors, e.g., boiling point48 or metal complex solubility17, 

could also influence the reaction kinetics especially the nucleation. Therefore, solvents can 

serve as a promising variable for controlling the size and shape of colloidal metal 

nanoparticles. We note that the effects of ligands, solvents, and other synthesis parameters 

on kinetics have been mostly indirect, for example by correlating known or calculated trend 

of metal-ligand/solvent binding with final sizes. However, the final nanoparticle size is the 

result of an interplay between nucleation and growth and the solvents and ligands can affect 

both, making it difficult to predict the overall effect on kinetics and size.  

In this work, we investigated the effect of different solvents, i.e., non-coordinating 

toluene, and nitrogen coordinating solvents, piperidine, 3,4-lutidine and pyridine on the 

synthesis kinetics of Pd nanoparticles in the presence of trioctylphosphine (TOP). We 

directly correlate the metal-solvent interactions (structure and reducibility of the pre-
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reduction complexes, and solvent binding with the nanoparticle surface) with the 

nucleation and growth rates using in-situ small angle X-ray scattering (SAXS), 31P nuclear 

magnetic resonance (31P NMR), X-ray absorption fine structure (XAFS) and density 

functional theory (DFT) calculations. To our knowledge, this is the first study to directly 

measure the nucleation and growth rates to determine the effect of solvent properties on 

metal-ligand/solvent interactions and kinetics of metal colloidal nanoparticles. The results 

show that the nucleation and growth rates are correlated with the stability/reducibility of 

the TOP-Pd pre-reduction complexes and binding strength of the solvent/TOP-nanoparticle 

surface, respectively. The findings provide a promising route to systematically identify 

ligands/solvents to tune the synthesis kinetics and final nanoparticle size.  

Materials and Methods 

Colloidal Pd Nanoparticle Synthesis and Characterization 

The heat-up method49 was used in the colloidal Pd nanoparticle synthesis.  Palladium (II) 

acetate (Aldrich 99.9 %) was used after recrystallization. Trioctylphosphine (Aldrich 97 

%) was used after further purification (distillation) and stored in a nitrogen (N2) 

glovebox. The procedures for recrystallization and distillation have been reported in our 

previous study44, 50. Anhydrous toluene (Sial 99.8 %) was used as a non-coordinating 

solvent, and 3,4-lutidine (Aldrich, 98 %), piperidine (Aldrich, redistilled 99.5 %) and 

pyridine (EMD Millipore 99.8 %) were used as coordinating solvents. Anhydrous 

hexanol (Sial 99 %) was used as the reducing agent. All the solvents and reducing agents 

were degassed using nitrogen (99.999% from liquid N2 boil off) at a flow rate of 10 

mL/min for 30 min before use. 10 mM recrystallized Pd acetate was dissolved in a 
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solvent:hexanol = 1:1 solution, with TOP:Pd = 1 or 2 (molar), and heated to 100 ℃ under 

300 rpm stirring. All the agents were mixed in an inert gas glove box with both moisture 

and oxygen levels below 1.0 ppm. The syntheses have been repeated multiple times with 

2 mL solution in 7 mL glass vials and 6 mL solution in 25 mL round bottom glass flask 

under 0 – 1000 rpm stirring, and the sizes were similar.  

In-situ and Ex-situ Small-angle X-ray Scattering (SAXS) Data Acquisition and 

Analysis 

The in-situ SAXS experiments were conducted at Argonne National Laboratory’s 

Advanced Photon Source at beamline 12-ID-C.  The incident X-ray energy is 18 keV. All 

the agents were mixed in the glove box at wet labs in sectors 16 and sector 20 and 

transferred immediately to the beamline under inert gas atmosphere. The reaction was 

conducted in a 25 mL round bottom flask (with 6 mL solution) with 300 rpm stirring. The 

synthesis setup is similar to the one used by Kwon, et al51. A syringe needle was punched 

through the capping septum to avoid pressure build-up from the solvent evaporation 

during the synthesis. In each measurement, 300 μL was taken out of 6 mL solution into a 

quartz capillary for SAXS data acquisition using a syringe pump, and then returned into 

the flask. The pumping process took 7 s, and the fastest time resolution was set as 8 s. 

Each SAXS measurement was done when the solution flowed slowly through the 

capillary, with 0.1 s exposure time. The two-dimensional scattering pattern was averaged 

and normalized to get the curve of differential scattering cross section I(q) to the 

scattering vector q. The pure mixture of solvent and reducing agent at 50:50 volume ratio 

was used as background. To get the absolute scale intensity so that the particle 

concentration can be obtained, water was used as a primary standard due to its well-
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studied differential scattering cross section52. The ex-situ SAXS was conducted on N8 

Horizon (Bruker AXS Gmbh, Germany) equipped with Cu (Kα radiation, λ = 1.54 Å) 

source, 2-dimensional VÅNTEC-500 TM detector and SCATEX TM scatter-free 

pinholes. The colloidal nanoparticle solution samples were loaded and measured in a 

sealed in quartz capillaries (d = 1.5 mm or 2.0 mm) at room temperature in vacuum. 

Water was used as the standard for absolute calibration. 

Data analysis was done using IGOR pro53, Bruker SAXS software and simSAXSLee 

package54 on Matlab. The scattering curves were fitted using the Schultz polydisperse 

spherical nanoparticles model, based on the assumption of spherical particle shape 

(justified from TEM images, see below), dilute solution and homogeneous electron 

density. The Schulz-Zimm distribution function is: 

f(x) =
xz

Γ(z + 1)
[
z + 1

xavg
]

z+1

exp (‐
(z + 1)x

xavg
)                                          (1) 

where z = (xavg σ)⁄
2
‐1. xavg is the average radius of nanoparticles; σ is the standard 

deviation. 

If I(q) is in absolute intensity, it is related to both of the size and concentration of 

nanoparticles in the solution: 

I(q) = Np∫ f(x)
∞

0

Vp
2P(q)dx                                                          (2) 

P(q) = [∆ρ
3(sin(qx) ‐qRcos(qx))

qx
]2                                                 (3) 
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P(q) is the form factor of a specific size of the particle. For spherical particles, at q = 0, 

P(q) = ∆ρ2. Np is the number of particles, Vp is the particle volume (
4

3
πr3, and r is the 

radius), ∆ρ is the scattering length density difference between palladium and solvent. At q 

= 0, a relation can be used to calculate the number of particles: 

I(0) = Np〈Vp
2〉(Δρ)2                                                               (4) 

From equation (4) the number of particles Np, and further the extent of reaction (i.e. 

conversion of precursor into nanoparticles) can be calculated (see details in SI). 

Transmission Electron Microscopy (TEM) 

TEM images of synthesized nanoparticles were taken to confirm the particle size and 

shape. Images for the toluene, piperidine and 3,4-lutidine samples were acquired in 

scanning transmission electron microscopy (STEM) mode on FEI TITAN 80 – 300, 

equipped with the CEOS GmbH double-hexapole aberration corrector. The images were 

taken in high angle annular dark field (HAADF) mode. Images for pyridine samples were 

taken on JEOL 2100 TEM operated at 200 kV, which is equipped with a thermionic 

emission source and possesses a high-resolution objective pole piece. The resolution can 

reach 0.1 nm on both microscopes. The reaction solution was diluted 10 times with the 

respective anhydrous solvent. One drop of the solution was added on the lacey carbon 

copper grid and dried on top of a hotplate set up at 50 ℃. The image analysis was 

performed with ImageJ55. At least 300 nanoparticles were measured to calculate the 

number-average diameter and the polydispersity.  
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Nuclear Magnetic Resonance  

Deuterated solvents, toluene-d8 (Alfa Aesar, 99.6 %) and pyridine-d5 (Alfa Aesar, 99.5 

%) were used for NMR measurements. All the NMR measurements were taken at room 

temperature. The deuterated solvents were degassed with nitrogen at 10 mL/min before 

dissolving any agents. For each sample, 0.6 mL 20 mM freshly made palladium acetate 

solution was loaded in NMR tubes in the nitrogen glovebox, and sealed with rubber 

septa. All the measurements were taken immediately after the appropriate amount of 

ligand was added and mixed well in the NMR tube. Some samples were allowed to age 

overnight, and these are labelled as “overnight”. One-dimensional 31P NMR spectra with 

proton decoupling were acquired at 25 ℃ on a Bruker Avance II 500 MHz system 

equipped with a 5 mm broad band prodigy cryo probe.  31P NMR parameters included a 

total of 256 transients, 64K data points, the spectral width of 59.5 kHz and a relaxation 

delay of 5.0 s between the transients. Apodization corresponding to a line broadening of 

1.0 Hz was applied before Fourier Transformation. Resonances were assigned based on 

the chemical shift position of external standard 85% H3PO4 singlet at 0 ppm.  

XAFS Data Collection and Analysis 

XAFS experiments were performed at beamline BL 2-2 at the Stanford Synchrotron 

Radiation Light Source at SLAC National Accelerator Laboratory.  25 mM and 20 mM Pd 

acetate were dissolved in toluene and pyridine in 20 mL capped glass vial in an inert 

atmosphere glovebox and transferred to the synchrotron. The beam size was 200 m 

vertical by 3 mm horizontal. The spectra were collected at the Pd K-edge in transmission 

mode. Four scans (20 minutes each) were collected then merged and aligned using a Pd 

foil spectrum collected simultaneously for each scan. All the measurements were taken at 
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room temperature. Both XANES and EXAFS data processing and analysis were performed 

using Athena and Artemis programs of the IFEFFIT data analysis package56-57. After the 

normalization of the absorption coefficient, the smooth atomic background was subtracted 

using the AUTOBKG code Athena to obtain χ(k) (where k is the photoelectron 

wavenumber). FEFF6 code was used for constructing the theoretical EXAFS signal for Pd-

Pd, Pd-P, Pd-C, and Pd-O scattering paths. For the scattering paths, structure of Pd acetate 

trimer (Pd-O and long Pd-C) was used in toluene, and Pd acetate monomer with terminal 

acetate (Pd-O and short Pd-C) was used in pyridine. The theoretical EXAFS signals fitting 

was conducted using Artemis in r-space. The spectra were fitted by changing the following 

parameters for the scattering paths of Pd-Pd, Pd-O, Pd-C: bond length disorder, σ2
Pd-Pd, 

σ2
Pd-O, σ2

Pd-C; coordination numbers of the single scattering paths, NPd-Pd, NPd-O, NPd-C; the 

effective scattering lengths (RPd-Pd, RPd-O, RPd-C); and the correction to the threshold energy, 

E0 (E0 for metallic Pd-Pd was assumed to be the same as other paths in the model to 

limit the number of parameters).  The best fit of the passive electron reduction factor (0.83), 

S0
2, was fixed during the fitting based on analyzing the Pd foil spectrum.  The k-range for 

Fourier Transform of the χ(k) and the r-range for the fitting were 2.5-12.5 Å-1 and 1.1-3.1 

Å, respectively.  

Density Functional Theory (DFT) Calculations 

DFT calculations were performed to capture the complexation of Pd species using the BP-

8678-79 functional combined with the def2-SV(P) basis set80 and the resolution of identities 

(RI) approximation81 as implemented in the Turbomole package.82 To capture dispersion 

interactions between carbon chains we used the Grimme D3 dispersion correction.83  

Similar DFT methods have previously been used to study palladium complexes and 
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nanoparticles, showing reasonable accuracy.84-85 Different initial configurations were 

tested for each precursor complex and the lowest-energy fully relaxed structure is reported. 

Geometry relaxations were carried out using the quasi-Newton-Raphson method without 

any symmetry constraints. Multiple spin states were tested for each Pd-containing complex 

and the lowest-energy electron configuration always corresponded to the lowest possible 

spin state of the complex (i.e. singlet or doublet spin states). Vibrational analysis was 

performed to verify the relaxed structures as local minima and structures exhibiting 

imaginary frequencies were displaced (along the imaginary mode) and re-relaxed until no 

imaginary frequencies remained. Gibbs free energies were calculated (at 298.15 K) using 

the harmonic oscillator approach applied to the vibrational modes for each system.  

Periodic DFT calculations were performed using the CP2K package to simulate adsorption 

on nanoparticle surface.86 The PBE functional87 was used with Grimme’s D3 dispersion 

corrections. DZVP basis sets with the Goedecker, Teter, and Hutter (GTH) 

pseudopotentials were used with a kinetic energy cutoff of 500 Ry. To obtain the bulk 

unitcell parameters of Pd, a 222 supercell of the conventional unitcell (space group Fm-

3m) was fully relaxed. The periodic geometries were optimized using the Broyden–

Fletcher–Goldfarb–Shanno (BFGS) minimization algorithm with convergence criteria of 

4.0×10-4 Eh per Bohr and 10-7 au for force and energy, respectively. To model the (111) 

surface facet of Pd, a p55 supercell was created using the primitive unitcell (of the relaxed 

unitcell) with four atomic layers and a vacuum of 12 Å was added for the construction of 

slab models. For surface calculations, the atoms of two bottom layers were kept frozen at 

their bulk positions and two top layers were allowed to relax. To reduce the computational 

cost of periodic DFT calculations, triethylphosphine (TEP) was used as a model to 
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represent the TOP ligand. We note that four TEP molecules sufficiently cover the full 

supercell of Pd(111) (Figure 5.16) leaving no space for further ligands to adsorb on the 

surface. The adsorption energy of ligand (or solvents) at 0.75 monolayer (ML) coverage of 

TEP is defined as:  

Eads
TEP = E(Lig@3TEP/Pd(111) )‐E(3TEP/Pd(111) )‐E(Lig)                 (9) 

Where E(Lig@3TEP/Pd(111)) is the energy of ligand (TEP) (or solvent) adsorbed on 

Pd (111) surface covered with three TEP ligands,  E(3TEP/Pd(111)) is the energy of Pd 

(111) surface covered with three TEP ligands and E(Lig) is the energy of ligand in the gas 

phase. 

Results and Discussions 

Solvent coordination effects on kinetics using in-situ SAXS. The final Pd particle size 

from the synthesis experiments in different solvents increased in the order of toluene < 

piperidine < 3,4-lutidine < pyridine for both TOP : Pd = 1 and 2 as shown in Figure 7.1 

and 8.1, respectively (see representative SAXS spectrum in Figure 8.2 and 8.3 for TOP : 

Pd = 1, TEM images and SAXS spectra in Figure 8.5 and Figure 8.6 for TOP : Pd = 2 in 

ESI). The particle size in toluene (1.4 nm) is much smaller than in coordinating solvents 

(piperidine (2.7 nm), 3,4-lutidine (3.5 nm) and pyridine (4.8 nm)). The size in 

coordinating solvents increased in the order of their basicity (pKb, piperidine  2.9 < 

lutidine 7.5 < pyridine 8.7, see the trend in Figure 5.1) and electron donating ability 

(which is correlated with basicity53). 
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To provide insights on the synthesis kinetics, we conducted in-situ SAXS measurements 

in all solvents to obtain the time evolutions of particle concentration, size and size 

distribution (Figure 8.6). An overlap between nucleation (increase of particle 

concentration) and growth (increase of particle size) in all solvents was observed, 

suggesting the synthesis kinetics follows our previously proposed ligand-controlled 

mechanism, where autocatalytic reduction is the major growth mechanism which is 

controlled by ligand capping on the particle surface38, 46, 54. Furthermore, we extracted the 

nucleation and growth rates as a function of time from the in-situ SAXS data (Figure 8.7, 

see details in ESI and previous studies46, 54). To directly identify the effect of solvents on 

the synthesis kinetics, it is important to compare the nucleation and growth rates in the 

kinetic regime (i.e. low conversion, see Methods for details on how conversion is 

calculated) at similar extent of reaction (i.e. Pd acetate conversion to nanoparticles) 

instead of at the same reaction time. At 10 % extent of reaction, the nucleation rate 

decreases and the growth rate increases in the following order: toluene, piperidine, 3,4-

lutidine and pyridine (Figure 7.1a). Additionally, the final particle size follows a linear 

relationship with the initial (growth rate / nucleation rate)1/3 (at 10 % extent of reaction) 

as shown in Figure 1c which is similar to  our previous report46. The growth to nucleation 

rate ratio provides details on whether reduction of Pd atoms contributes to size increase 

of existing particles (surface Pd reduction) or formation of new particles (nucleation). 

The results indicate that as the solvent coordinating ability (basicity of nitrogen) 

increases, growth on the existing nanoparticles becomes more preferred compared with 

forming new nuclei. The inhibited nucleation, and enhanced precursor autocatalytic 

growth on the nanoparticle surface in coordinating solvents can be due to different 
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precursor reactivity and/or surface properties of the nanoparticles (including coverage of 

TOP). To determine the possible role(s) of the solvent, we investigated the interactions of 

coordinating species (TOP and coordinating solvents) with Pd acetate and Pd 

nanoparticle surface under different solvent environments as discussed below. 

 

Figure 7.1 (a) Final average nanoparticle size, and initial nucleation and growth rates (at 

10 % Pd precursor conversion) measured in the different solvents (b) correlation of initial 

(growth/nucleation)1/3 (at 10 % Pd precursor conversion) with final average nanoparticle 

size. The error bar represents the standard deviation of the size distribution as obtained 

from the fits. The dotted lines in panels (a) and (b) show the observed size trend but do not 

represent a theoretical or empirical fit. Reaction conditions: Pd(OAc)2 = 10 mM, TOP : Pd 

= 1 (molar), solv : hexanol = 50 : 50, T = 100 °C. 

 

Pd pre-reduction complexes in different solvents: 31P NMR and XAFS. To determine 

the initial Pd-acetate-TOP pre-reduction complex formed in the different solvents, we 

characterized Pd acetate in toluene and pyridine (without hexanol due to the instability of 

Pd acetate in hexanol without TOP), and the binding complexes of Pd(OAc)2 with TOP in 

solvent-hexanol mixtures using 31P NMR and EXAFS. EXAFS spectra of Pd acetate 
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dissolved in pyridine show that Pd is present as Pd(OAc)2(py)2, while in toluene it is 

present as trimers, Pd3(OAc)6 (see EXAFS results in Figure S8 and Table S1).   

31P NMR spectra of Pd(OAc)2 dissolved in toluene-d8 and pyridine-d5, each with 1:1 

hexanol at TOP : Pd molar ratio of 1 (Figure 7.2), indicate that all the added TOP is 

bound with Pd(OAc)2 or converted to other species as evidenced by the absence of a free 

TOP peak (at -30.0 ppm, see Figure 7.2a). In pyridine-d5-hexanol, Pd(OAc)2(TOP)(py) 

(at 22.9 ppm) is the major complex, with some planar square trans-Pd(OAc)2(TOP)2 (at 

10.6 ppm) also present. The EXAFS results (Figure 8.9, 8.10 and Table 8.2) are 

consistent with 31P NMR (Figure 7.2) and indicate that, on average, Pd is coordinated 

with 1 TOP molecule in pyridine.  In toluene-d8-hexanol, trans-Pd(OAc)2(TOP)2 
55-56 (at 

10.4 ppm) is the major species, with small amount of Pd(OAc)2(TOP) (at 23.5 ppm). The 

difference in the relative amounts of the complexes formed in toluene compared with 

pyridine is a consequence that in toluene, each Pd3(OAc)6 trimer requires 6 TOP 

molecules per trimer (2 per Pd center) to break into monomers at room temperature57 (see 

31P NMR and EXAFS characterizations in Figure 8.11, 8.12 and Table 8.3). We note that 

the trans configuration of Pd(OAc)2(TOP)2 has been reported to be the most stable 55-56. 

Our 31P NMR results show that trans-Pd(OAc)2(TOP)2 is the major species in toluene at 

TOP:Pd ratio = 1 which indicates there are remaining Pd acetate trimers which are not 

binding to TOP (and not shown as phosphine bonded complexes in the 31P NMR 

spectrum). However, we note that once the temperature increases during the nanoparticle 

synthesis experiments, the remaining trimers in toluene would dissociate into monomers 

and all the Pd acetate would be available for TOP binding.  
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Figure 7.2 31P NMR spectra of Pd(OAc)2 with 1 equivalent moles of TOP in (a) pure 

TOP in pyridine-d5; (b) 10 mM Pd(OAc)2, toluene-d8 : hexanol = 1 : 1 and (c) 10 mM 

Pd(OAc)2, pyridine-d5 : hexanol =1: 1. The chemical shift of TOP in toluene-d8 is at -

31.5 ppm. 

 

In summary, the NMR and EXAFS results indicate that in toluene and pyridine (and 

likely the other solvents), a mixture of complexes, Pd(OAc)2(TOP)(solv), 

Pd(OAc)2(TOP)2, and Pd(OAc)2(solv)2 are present in solution, and their relative amounts 

depend on the thermodynamic equilibrium (dictated by concentrations and temperature in 

each solvent).  

Solvent effect on reducibility of Pd complexes. As shown above, coordinating solvents 

act as ligands and bind to Pd acetate which can modify the reactivity of the resulting 

complexes depending on the solvent electron donating ability53 and binding 

stoichiometry55-56, 58. Such complexes, which are discrete molecular precursors different 

from both initial reagents and final nanoparticles, can affect the nanoparticle formation 
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mechanisms59-61. Therefore, we performed density functional theory calculations to 

provide details on the Pd complexes formed in the different solvents, their concentrations 

at equilibrium, as well as reducibility. Below we list the possible initial binding, solvent-

TOP exchange and reduction reactions, where solv represents the solvent molecule: 

Pd(OAc)2 + 2solv→ Pd(OAc)2(solv)2                                                                                           

(1) 

Pd(OAc)2(solv)2 + TOP ↔ Pd(OAc)2(TOP)(solv) + solv                                                            

(2) 

Pd(OAc)2(TOP)(solv) + TOP ↔ Pd(OAc)2(TOP)2 + solv                                                           

(3) 

Pd(OAc)2(TOP)(solv) + 
1

2
 (C5H11)CH2OH + solv → Pd(OAc)(TOP)(solv)2 + HOAc + 

1

2
 

(C5H11)CHO       (4) 

The equations represent: Eq. 1, solvent binding to Pd(OAc)2 (i.e. Pd(OAc)2 dissolving in 

each solvent); Eq. 2, first TOP ligand substituting solv in Pd(OAc)2(solv)2; Eq.3, second 

(subsequent) TOP substituting solv in Pd(OAc)2(solv)(TOP); Eq. 4, potential initial 

reduction reaction by hexanol of the Pd Pd(OAc)2(solv)(TOP) complexes through OAc- 

dissociation.  

First, to investigate the complex stability, we calculated the Gibbs free energy for the 

formation of all the possible unreduced Pd complexes before the addition of hexanol 

(Figure 3). Compared with Pd(OAc)2, the Gibbs free energies of Pd complexes are in the 

following order (lowest to highest free energy): Pd(OAc)2(TOP)2 < Pd(OAc)2(solv)(TOP) 
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< Pd(OAc)2(solv)2 < Pd(OAc)2(solv) < Pd(OAc)2. The complex is readily bound by the 

solvents (reacts exothermically) except for toluene (consistent with the stability of Pd 

acetate trimers in toluene) and the solvents are favorably displaced with the addition of 

TOP.  

 

Figure 7.3 Gibbs free energy of different Pd complexes from DFT calculations. Example 

Pyridine-containing precursor structures are shown as insets. Color code of atoms: Pd – 

teal, N - light blue, H - white, O - red, P- magenta, and C - gray. All Pd complex images 

are in Figure 8.13. 
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Table 7.1 Mole fraction of different precursor complexes (speciation) existing in different 

solvents based on equilibrium thermodynamics calculations from DFT at TOP : Pd = 1, 

T=293.15 K.   

Solvent mol % Pd(OAc)2(TOP)(Solv) 
mol % of Pd(OAc)2(TOP)2 

+Pd(OAc)2(Solv)2 

Toluene 78.0 12.0 

Pyridine 98.7 1.3 

3,4-Lutidine 99.7 0.3 

Piperidine 47.3 52.7 

  

The nucleation is dependent on the reduction rate which is affected by the reducibility of 

the Pd pre-reduction complexes in solution. Thus, to estimate the major pre-reduction 

complex, we performed DFT calculations on the free energies of solvent coordination of 

Eq. 1, as well as equilibrium thermodynamics of Eq. 2 and 3. From the DFT-based 

thermodynamic equilibrium results presented in Table 1 (for TOP:Pd =1, see Table S4 for 

equilibrium calculation details and results for TOP:Pd =2), the most abundant complex in 

all solvents is trans-Pd(OAc)2(TOP)(solv) (and cis-Pd(OAc)2(TOP) in toluene). 

Therefore, our next step was to address the reducibility of the most abundant complexes 

by calculating their reduction Gibbs free energies (Pd(OAc)2(TOP)(solv) 

 +
1

2
H2,‐HOAc

↔         

Pd(OAc)(TOP)(solv) ). We used H2 as the reference reducing agent as the exact reduction 

byproducts (potential reduction reaction in Eq. 4) are unknown and using H2 as a 

common reference allows us to calculate consistent trends in reduction affinity. The 

results in Figure 4 show that without the solvent coordination in toluene, the Gibbs free 
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energy of Pd(OAc)2(TOP) reduction is the most favorable. In addition, as Figure 4 

demonstrates, the binding of more basic coordinating solvents makes the reduction 

affinity of the complexes more endothermic (piperidine < 3,4-lutidine < pyridine). For 

reactions in the gas phase, liquid phase and on surfaces, the activation energies for a 

series of reactions have been shown to be linearly correlated to the reaction enthalpies (or 

free energies) through Brønsted-Evans-Polanyi (BEP) relationship62-66. Therefore, an 

increase in the reduction free energy (more endothermic) is expected to increase the 

activation energy of reduction and consequently result in lower reduction and nucleation 

rates. Consistent with this argument, the DFT calculated thermodynamic reduction trend 

presented in Figure 7.4, being toluene > piperidine > 3,4-lutidine > pyridine, appears to 

be correlated with the trend in nucleation rates measured experimentally (Figure 1 and 

also shown in Figure 4). Furthermore, we observed that the same trends in reduction free 

energy with different solvents also hold for the partially-reduced precursors (i.e. further 

reduction of Pd(OAc)(TOP)(solv)2, Figure 8.14) 
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Figure 7.4 DFT calculated Gibbs free energy of reduction (with H2) of 

Pd(OAc)2(TOP)(solv) (and Pd(OAc)2(TOP) in toluene), and nucleation rate at 10 % 

conversion of Pd complex in each solvent. Color code of atoms: Pd – teal, N - light blue, 

H - white, O - red, P- magenta, and C - gray. 

 

Solvent effect on Pd nanoparticle surface growth. The growth rate is affected by the 

ligand binding and coverage on the nanoparticle surface. As the ligand coverage 

increases, the number of available sites for growth becomes limited, and the growth rate 

on the particle would decrease. The relative coverage of the solvent and TOP on the 

surface of nanoparticles depends on their respective concentrations and binding energies. 

Thus, periodic DFT calculations were conducted to compare binding energies of the 

solvent molecules to Pd (111) surface (mimicking nanoparticle surface) partially covered 

by triethylphosphine (TEP, as an approximation of TOP to reduce computational cost). 

We note that for the case of toluene we used TEP for the binding energy calculation since 

toluene, in contrast to the other solvents, does not have a coordinating atom for binding to 

the surface. The results in Figure 7.5 show TEP has the most negative binding energy, 

indicating the strongest binding affinity (and consequently the tendency toward high 

surface coverage) and therefore, TOP can effectively bind and limit the growth in toluene. 

The binding strength for the coordinating solvents decreases (less exothermic binding 

energy) in the following order: 3,4- lutidine > piperidine > pyridine. Additionally, we 

note in Figure 8.15 that the same binding trend appears to hold on the surface of a small 

13-atom Pd nanoparticle. In the presence of coordinating solvents, despite their less 

exothermic binding energy compared with TOP (Figure 7.5), the surface will be covered 

by both the solvents and TOP due to the much higher concentration of the solvents. 
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However, by effectively lowering the coverage of TOP, and being more labile (compared 

with TOP), coordinating solvents will provide sites for adsorption and reduction of the Pd 

pre-reduction complex. In fact, consistent with this argument, the growth rate (Figure 1 

and also shown in Figure 7.5) increases in the same order as the decrease in solvent 

binding energy shown in Figure 7.5 (lower binding energy results in faster growth).   

 

Figure 7.5 Adsorption energies of TOP (simulated as TEP), pyridine, piperidine and 3,4-

lutidine on 0.75  ML TEP/Pd(111), and the growth rates at 10 % Pd conversion.  Color 

code for atoms:  Pd-teal, H-white, C-grey, N-blue and P-magenta. The coverage of 0.75 

ML of TOP corresponds to 3 ligands on the surface (4 ligands cover the full super cell (1 

ML, Figure 8.16)). Part of surfaces are shown here for clarity, whereas, the full surfaces 

are shown in Figure 8.16.     

Insights on deconvoluting the effects of solvents on nucleation and growth rates. The 

final size of the nanoparticles is controlled by the relative nucleation and growth rates 
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which are affected by the precursor reactivity and ligand capping on the nanoparticle 

surface, respectively. For example, introducing stronger binding ligands was used to 

stabilize the ligated-metal complex and inhibit the nucleation, leading to larger particle 

size8, 12-13, 16. Other studies showed that a stronger capping ligand or higher ligand to 

metal ratio lead to smaller particle size which was attributed to slower surface growth 

(e.g. Au47, Pd25, 38, 46, 67, Pt68-69, and quantum dots49). However, the reported trends were 

mostly qualitative and relied on correlations with the final nanoparticle size. Additionally, 

since the ligand and/or solvent can play more than one role by binding to both, the metal 

precursor and nanoparticle surface, the deconvolution of these two factors is necessary to 

understand the effects on nucleation and growth kinetics. In this study, we used solvents 

of different coordinating abilities to investigate the effects on the reducibility of Pd 

precursors, ligand capping on the nanoparticle surface and provide mechanistic details on 

the synthesis kinetics of Pd colloidal nanoparticles. We directly correlate the ligated-

metal complex reduction and ligand-surface binding thermodynamics (free energy of 

reduction and binding energies, respectively) calculated using DFT to the nucleation and 

growth rates measured using in-situ SAXS. The results show that solvents (and in general 

ligands) can be used to tune the reactivity of the metal-ligand pre-reduction complexes. 

More importantly, the reduction free energy of the metal-ligand pre-reduction complex in 

each solvent was found to correlate with the measured nucleation rates (Figure 7.4). 

Furthermore, the solvent is shown to affect the effective capping (i.e. ligand coverage) on 

the nanoparticle surface (and possibly the reactivity of surface atoms) which was 

reflected in a correlation between the solvent-surface binding energy and the measured 

growth rates (Figure 7.5). The results show the importance of understanding the distinct 
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roles ligands and solvents play in affecting the nucleation and growth rates during the 

synthesis of colloidal nanoparticles. Additionally, the results suggest that general 

correlations, i.e. Brønsted-Evans-Polanyi relationships, likely exist between 

thermodynamics of metal-ligand binding and the kinetics of nucleation and growth. Our 

future efforts will focus on investigating the correlation between metal-ligand 

thermodynamic interactions and nucleation and growth rates. Such correlations would 

enable the selection of ligands and/or solvents, a priori, to synthesize nanoparticles with 

specific sizes. 

Conclusions 

We investigated the effect of solvent coordinating ability on the final size of colloidal 

Pd nanoparticles and provide a direct correlation between the metal-ligand-solvent 

interactions and the synthesis kinetics using in-situ SAXS, XAFS, NMR and DFT 

calculations. The nanoparticle size can be tuned from 1.4-5.0 nm with narrow size 

distribution solely through changing the solvent coordinating ability (toluene vs. nitrogen 

coordinating solvents) and basicity (of coordinating solvents). Our in-situ kinetic 

measurements indicate slower nucleation and faster growth in coordinating solvents in the 

order of increasing electron donating ability (basicity), leading to larger final particle size. 

Through 31P NMR characterization and theoretical calculations of the Pd pre-reduction 

complexes, we show that the reduction free energy of the most abundant complexes 

increases with the solvent electron donating ability. The trend in the DFT calculated free 

energy of reduction is shown to correlate with the nucleation rates measured 

experimentally (increase in reduction free energy corresponds to lower nucleation rate), 
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which is consistent with a Brønsted-Evans-Polanyi relationship. Similarly, the 

experimental growth rates are correlated with the solvent-surface binding energies (weaker 

binding corresponds to faster growth). Our study demonstrates the importance of solvents 

in colloidal synthesis of nanoparticles and their role in affecting the synthesis kinetics. The 

results provide insights on the relationship between the metal-ligand-solvent interactions 

and nucleation and growth rates and introduces a promising method for tuning the size of 

colloidal metal nanoparticles. 
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8. Supporting Information - Solvent Manipulation of the 

Pre-reduction Metal-Ligand Complex and Particle-

Ligand Binding for Controlled Synthesis Pd 

Nanoparticles 

Estimations of number of particles and extent of reaction (reacted Pd atoms in 

nanoparticles). 

The estimations of number of particles and extent of reaction follow the same 

methodology with our previous study1. First, I(0) can be obtained by extrapolation of  

I(q) for q → 0. 〈Vp
2〉 is the average square of particle volume, which can be calculated 

with the following equation: 

〈Vp
2〉 = (

4π

3
)
2

∫ f(x)x6dx
∞

0

                                                        (S1) 

where f(x) is the Schulz-Zimm distribution function shown in Equation (1). Thus, the 

number of particles can be calculated based on Eqn. 4: 

Np =
I(0)

(Δρ)2〈Vp
2〉
=

I(0)

(Δρ)2 (
4π
3 )

2

∫ f(x)x6dx
∞

0
 

                                         (S2) 

The total reacted Pd atoms can be calculated based on the number of atoms in each 

nanoparticle, N: 

N =
π4x3ρNA
3Mw

                                                                 (S3) 

Where x is the radius of the nanoparticle, ρ is the particle density, and Mw is the 

molecular weight. For Pd nanoparticles, ρ is taken as bulk Pd density, 12.02 g / cm3, and 
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Mw= 106.4 g / mol. The reacted Pd concentration in nanoparticles Y can be calculated 

as: 

Y =
N

NA
∫ f(x)x3Npdx
∞

0

                                                       (S4) 

The extent of reaction η =
Y

C0
, where C0 is the total Pd concentration (10 mM). 

Extracting the rates of nucleation and growth from experimental data.      

Nucleation rate shown in Eqn. (1) is the number of nuclei per unit reaction volume per unit 

time (#nuclei/lit.s). Therefore, the nucleation rate from the experiments at a short time 

interval ( t ) can be estimated as follows:1  

Nucleation Rate =
PN

t




                                                           (S5)                             

To make a comparison between the rates of growth and nucleation during synthesis of Pd 

nanoparticles, it is necessary that both rates own the same units (i.e. mol/lit.s). Thus, in 

Eqn. (S5), we accounted for the nucleus size (n, the number of atoms per nucleus) and 

avogadro’s number (NA) to make the units the same (mol/lit.s).1 

After obtaining the rate of nucleation, the growth rate can be extracted from the slope of 

total number of atoms in all formed nanoparticles (A). “A” quantifies both the formation 

of particles (nucleus) and particle growth.   

Therefore, the growth rate can be written as:       

Growth Rate = ( )P

A

NA n

t t N


 

 
                                                 (S6)           

 In addition, the dimensionless Growth/Nucleation rate can be obtained as follows:1 
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( )
Growth Rate 

( ) = 1
Nucleation Rate

( ) ( )

P

A

P P

A A

NA n A

t t N t

N Nn n

t N t N

  
  

 
 

 
 

                              (S7) 

Precursor speciation calculations from density functional theory (DFT). 

For the speciation calculations seen in Table S4, the Gibbs free energy of reaction was 

used to calculate the relative concentrations of each type of precursor (before reduction). 

As the solvent bindings are highly exothermic for the coordinating solvents and the 

solvents are coordinated in high amounts of excess, the assumption was made that all of 

the TOP will be reacting directly with the Pd(OAc)2(solv)2 precursors. This assumption 

allows the concentration of the different precursors to be modelled as the equilibrium of 

the following reactions: 

Pd(OAc)2(solv)2 + TOP
 
↔ solv + Pd(OAc)2(TOP)(solv)                            (S8) 

and 

Pd(OAc)2(TOP)(solv)+ TOP
 
↔ solv + Pd(OAc)2(TOP)2                           (S9) 

From the DFT free energy calculations, the ΔGRxns of Eqn. S8/S9 can be found in Figure 

3. 

From here, the equilibrium of the reaction in Eqn. S8 can be expressed as: 

Keq,S8 = exp (‐
∆GRxn,5

RT
) =

[Pd(OAc)2(TOP)(Solv)]*[Solv]

[TOP][Pd(OAc)2(Solv)2]
                              (S10) 

While Eqn. S9 can be expressed as: 
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Keq,S9 = exp (‐
∆GRxn,5

RT
) =

[Pd(OAc)2(TOP)2]*[Solv]

[TOP][Pd(OAc)2(Solv)(TOP)]
                               (S11) 

Where [y] represents the concentration (molarity) of species y, R is the gas constant, and 

T is the temperature (298.15 K). Because all of the Pd(OAc)2 is conserved up to the 

addition of the TOP and there are no TOP-containing compounds initially, we set: 

[Pd(OAc)2(solv)2]
0 = [Pd(OAc)2]

Init ,  [Pd(OAc)2(TOP)2]
0 = 

[Pd(OAc)2(solv)(TOP)]
0 = 0  (S12) 

and 

[TOP]0 = [TOP]Added  and [solv]0 = ρsolv/MWsolv                                (S13) 

Where [X]0 represents the initial concentration of X before the TOP reactions occur, ρsolv 

and MWsolv represent the density and molecular weight of the solvents, respectively, 

[Pd(OAc)2]
Init  represents the concentration of Pd(OAc)2 initially added to the solvent, 

and [TOP]Added represents the concentration of TOP added to the solvent/Pd solution. 

Using these initial values and the combination of Eqns. S10 –S11 (substituting extents of 

reaction) there become 2 equations and 2 unknowns: 

exp (‐
∆GRxn,4

RT
) =

(εs8‐εs9)*([solv]
0+εs8+εs9)

([TOP]Added‐εs8‐εs9)*([Pd(OAc)2]Init‐εs8)
                            (S14) 

and, 

exp (‐
∆GRxn,5

RT
) =

(ε5)*([Solv]
0+εs8+εs9)

([TOP]Added‐εs8‐εs9)*(εs8‐εs9)
                                   (S15) 
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Where, εs8 and εs9, represent the extents of reaction of reactions S8 and S9, respectively. 

Thus, the relative concentrations of each of the precursors (speciation) are solvable. 

 

Figure 8.1 Correlation of coordinating solvent pKb with nanoparticle size: (a) TOP:Pd =1; 

(b) TOP:Pd = 2. For non-coordinating solvent toluene, the size doesn’t follow the pKb 

trend as coordinating solvents. The synthesis procedures are the same as described in 

experimental section. Pd(OAc)2 = 10 mM, solv:hexanol = 50:50, T = 100 °C. The sizes 

were taken when no more increase was observed by SAXS measurements. The error bar 

represents the standard deviation of the size distribution as obtained from the fits. The line 
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shows the observed trend between size and solvent basicity but does not represent a 

theoretical or empirical fit. 

 

Figure 8.2 Representative in-situ SAXS spectra of the nanoparticles in the original 

solution at the end of the synthesis (when the size and particle concentration stopped 

increasing) and fitting curves synthesized in different solvents: (a) toluene, 1.4 nm 0.4 

nm (b) piperdine, 2.7 nm 0.3 nm (c) 3,4-lutidine, 3.5  0.5 nm (d) pyridine, 4.8 nm 

 0.6 nm at TOP:Pd = 1, Pd(OAc)2 concentration = 10 mM, solvent:hexanol = 1:1, T = 

100℃. 
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Figure 8.3 Representative in-situ SAXS curves in toluene and piperidine with smallest final 

particle size among the four solvents at TOP:Pd = 1:1 (a) and (b) SAXS curves after 

background subtraction and fitting curves (in red) at different times in toluene and 

piperidine. (c), (d), (e) and (f) are original SAXS curves, SAXS curves after background 

subtraction, and background solvent curves at early and late time of the reaction. (c) 102 s 
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in toluene:hexanol = 1:1; (d) 107 s in piperidine:hexanol = 1:1; (e) 3772 s in toluene: 

hexanol = 1:1; (f) 4357 s in piperidine: hexanol = 1:1. The low amount of TOP in the 

solvents (4.5 µL / mL) does not affect the solvent background.  

 

 

Figure 8.4 TEM images of Pd nanoparticles synthesized in different solvents (a) toluene, 

1.8 nm 0.4 nm (b) piperdine, 2.6 nm 0.3 nm (c) 3,4-lutidine, 3.3 nm  0.4 nm (d) 

pyridine, 4.9 nm  0.6 nm at TOP : Pd = 1, Pd(OAc)2 concentration = 10 mM, solvent : 

hexanol = 1:1, T = 100℃. 
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Figure 8.5 Representative SAXS spectra of the nanoparticles in the original solution at 

the end of the synthesis (when the size and particle concentration stopped increasing) and 

fitting curves for Pd nanoparticles synthesized in different solvents: (a) toluene, 1.5 nm

 0.4 nm (b) piperdine, 2.5 nm 0.3 nm (c) 3,4-lutidine, 2.9  0.3 nm (d) pyridine, 3.9 

nm  0.6 nm at TOP : Pd = 2, Pd(OAc)2 concentration = 10 mM, solvent : hexanol = 

1:1, T = 100℃.  (a) and (d) are in-situ SAXS spectra collected at the synchrotron; (c) and 

(d) are ex-situ SAXS spectra collected using Bruker N8 Horizon. 
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Figure 8.6 In-situ SAXS measurement fitting results: time evolutions of mean diameter and 

polydispersity in (a) and (b) toluene, (c) and (d) piperidine, (e) and (f) 3,4-lutidine, (g) and 
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(h) pyridine. Pd(OAc)2 concentration = 10 mM, TOP concentration = 10 mM, solvent : 

hexanol = 1:1, T = 100℃.  

 

Figure 8.7 Kinetics extracted from in-situ SAXS in toluene, piperidine, 3,4-lutidine and 

pyridine during synthesis of Pd nanoparticles: (a) nucleation rate, (b) growth rate, (c) 

growth / nucleation rate ratio changing with time. 
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Figure 8.8 Pd K-edge (a) XANES and (b) EXAFS, magnitude of the Fourier transformed 

k2-weighted χ(k) data ( k= 2.5-12 Å-1) and (c) spectra in k-space (d) imaginary parts for 

20 mM Pd acetate in toluene and pyridine solution. 

 

Table 8.1 EXAFS fitting results for Pd acetate in pyridine and toluene. The numbers in 

parentheses indicate the statistical error in the most significant digit obtained from the fit 

in Artemis (e.g. 4.3(5) = 4.3±0.5). 

Pd 

acetate 

solution 

NPdO/N RPdO/N σ2
PdO 

(Å2) 

NPdC 

trimer 

RPdC 

bridging 

NPdO 

Bridging 

RPdO 

bridging 

NPdPd 

trimer 

RPdPd 

trimer 

E0 Reduced 

χ2 

Pyridine 4.3(5) 2.005(9) 0.003(1) / / / / / / 7(1) 475 

Toluene 4.2(3) 2.010(6) 0.001(1) 4.8(1.9) 2.95(3) 4.8(1.8) 3.15(3) 2.2(1.4) 3.19(5) 9(2) 180 
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Figure 8.9 Pd K-edge comparison (a) XANES and (b) EXAFS magnitude and (c) 

imaginary part of the Fourier transformed k2-weighted χ(k) data ( k= 2.5-12 Å-1) for 

TOP : Pd(OAc)2 = 1 and 2, in pyridine, and TOP : Pd(OAc)2 =2 in toluene. Concentration 

of Pd(OAc)2 was 20 mM. 
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Figure 8.10 Pd K-edge EXAFS (a) magnitude and (b) imaginary part of the Fourier 

transform k2-weighted χ(k) (k= 2.5-12 Å-1) and the fit of 20 mM Pd acetate with 20 mM 

TOP in pyridine; and (c) fit in k-space. 
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Table 8.2 EXAFS fitting results for Pd acetate in pyridine in the presence of 1 equivalent 

mole of TOP. The numbers in parentheses indicate the statistical error in the most 

significant digit obtained from the fit in Artemis (e.g. 4.3(3) = 4.3±0.3). 

TOP : Pd = 1 NPdO RPdO/N σ2
PdO 

(Å2) 

NPdP RPdP 

 

σ2
PdP 

(Å2) 

E0 Reduced 

χ2 

In pyridine 3.0(4) 2.01(1) 0.003(3) 1.0(3) 2.25(1) 0.001(1) 6(4) 110 

 

 

Figure 8.11 31P NMR spectra of 10 mM Pd(OAc)2 with 2 equivalent moles of TOP in (a) 

toluene-d8 : hexanol = 50 : 50 and (b) pyridine-d5 : hexanol = 50 : 50. 
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Figure 8.12 Pd K-edge comparison (a) XANES and (b) EXAFS, magnitude of the 

Fourier transformed k2-weighted χ(k) data ( k= 2.5-12 Å-1) and (c) k-space of 20 mM Pd 
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acetate with 40 mM TOP in toluene, pyridine solution, and pyridine : hexanol = 1:1 

mixture. Addition of hexanol does not affect the (Pd(OAc)2(TOP)2) complex. 

Table 8.3 EXAFS fitting results for Pd acetate in pyridine and toluene with TOP : Pd = 2. 

The numbers in parentheses indicate the statistical error in the most significant digit 

obtained from the fit in Artemis (e.g. 2.6(4) = 2.6±0.4). 

TOP : Pd 

= 2 

NPdO RPdO/N σ2
PdO 

(Å2) 

NPdP RPdP 

 

σ2
PdP 

(Å2) 

E0 Reduced 

χ2 

In 

pyridine 

2.6(4) 2.04(1) 0.002(2) 1.6(3) 2.32(1) 0.001(1) 11(3) 206 

In 

toluene 

2.8(5) 2.04(1) 0.002(2) 1.7(4) 2.34(2) 0.002(2) 11(4) 250 

 

Table 8.4 Mole fraction of different precursor complexes (speciation) existing in differnet 

solvents from DFT calculations at TOP : Pd = 2, T=293.15 K.   

Solvent mol % Pd(OAc)2(TOP)2 mol % of 

Pd(OAc)2(TOP)(Solv) 

+Pd(OAc)2(Solv)2 

Toluene 100.000 0 

Pyridine 99.977 0.023 

3,4-Lutidine 99.918 0.082 

Piperidine 99.777 0.223 
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Figure 8.13 Rendered images of all precursors shown in Figure 3. Color code of atoms: 

Pd – teal, N - light blue, H - white, O - red, P- magenta, and C - gray. 
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Figure 8.14 Gibbs free energy of H2 reduction of Pd(OAc)(TOP)(solv)2 precursors from 

DFT calculations.  

 

 

Figure 8.15 DFT calculation results on binding modes and binding energies (BE) of 

solvents and Trimethyl phosphine (TMP) on icosahedral 13 atoms Pd nanoparticle 

surface. Binding energies follow same trend observed for Pd(111) as shown in Figure 7.6. 
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Color code of atoms: Pd – teal, N - light blue, H - white, O - red, P – magenta, and C – 

gray. 

 

Figure 8.16 Space-filling representations of 1 monolayer (ML), four TEP molecules adsorbed 

that covers full supercell, coverage of TEP on Pd(111) supercell. Color code for atoms: Pd-teal, 

H-white, C-grey and P-magenta. 
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Figure 8.17 Relaxed structures of L@3-TEP/Pd(111) (a) L = TEP (b) L =Pipyridine (c) 

L=Pyridine (d) L= 3,4 Lutidine. Color code for atoms: Pd-teal, H-white, C-grey, N-blue and 

References 

1. Mozaffari, S.; Li, W.; Thompson, C.; Ivanov, S.; Seifert, S.; Lee, B.; Kovarik, L.; 

Karim, A. M., Colloidal nanoparticle size control: experimental and kinetic modeling 

investigation of the ligand–metal binding role in controlling the nucleation and 

growth kinetics. Nanoscale 2017, 9 (36), 13772-13785. 

(a) (b)

(c) (d)



251 

 

9. Concentration and Temperature Effects on Ligand 

Controlled Colloidal Nanoparticle Synthesis Kinetics 

Wenhui Li,a Saeed Mozaffari,a Soenke Seifert,b Byeongdu Lee,c and Ayman M. Karima,* 

a Virginia Polytechnic Institute and State University, Blacksburg, VA 24060, United 

States 

b Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439, United 

States 

c X-ray Science Division, Argonne National Laboratory, Argonne, IL 60439, United 

States  

* Corresponding author: amkarim@vt.edu 

Authors’ Contributions 

Wenhui Li conducted all the experiments and wrote the manuscript. Saeed Mozaffari 

conducted the calculation method of nucleation and growth rates. Sergei Ivanov 

contributed to the NMR data analysis. Soenke Seifert and Byeongdu Lee contributed to the 

in-situ synchrotron SAXS data collection and analysis methodology. Ayman Karim 

conceived the idea, supervised the work, and contributed to the writing.  

Abstract 

In this chapter, the Pd nanoparticle synthesis kinetics was investigated and compared with 

different ligand:precursor ratios and temperatures. For the synthesis with Pd(OAc)2 in 

pyridine and hexanol and Pd(acac)2 in oleylamine, it shows with the increase of 

trioctylphosphine (TOP) ligand:Pd ratio will decrease the final size of the nanoparticle by 

suppressing the growth rate more than the nucleation rate.  For Pd(acac)2 synthesis in 

oleylamine with trioctylphosphine, within 120 – 140 °C both nucleation and growth 

increase with temperature to a similar extent, leading to the similar size of particles. The 

mailto:amkarim@vt.edu
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kinetic study concludes that the growth/nucleation rate ratio is the decisive factor on the 

particle size. Any methodology or modifications on the conditions that can modify the rate 

ratio would be promising to control the final particle size. 

Introduction 

As shown in Chapter 7 and 8, modifying the ligand (coordinating solvent) – metal 

interaction is a promising way to tune the nanoparticle size, due to its controlling effect 

on precursor reactivity and surface ligand capping density. Aside from changing the type 

of ligand, the ligand-metal interactions can be potentially varied using the 

ligand/precursor concentrations (ligand: metal ratio)1-8 and reaction temperature9-11. In 

terms of ligand concentrations (or ligand:metal ratio), many studies have reported that a 

higher ligand:metal ratio results in a smaller final nanoparticle size 39-40, 60-62. It is 

believed the higher ligand capping density on the nanoparticle surface resulting from the 

higher ligand concentration plays a critical role in reducing the particle size by preventing 

the surface growth. Whereas few studies look into the ligand concentration influence in 

the aspect of ligand-metal precursor binding and the monomer nucleation. More 

specifically, the ligand-metal precursor dissociation might be a pre-step before the 

nucleation happens, and the dissociation kinetics would be closely related to the ligand 

concentration in the solution. 

An increase in temperature could have the following effects in terms of ligand-metal 

coordination chemistry: 1) the ligand-metal precursor coordinating ability (binding 

equilibrium) would decrease, which has the potential of enhancing the nucleation; 2) the 

ligand-metal bonded pre-reduction precursor would become more reactive, leading to 
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higher rates of the nucleation and growth; 3) the ligand capping density on the nanoparticle 

surface would decrease due to the shifting of the binding equilibrium to ligand dissociation, 

which creates more surface active binding sites and would make the growth more 

preferable. Overall, temperature elevation could promote both the nucleation and growth 

rates. Therefore, depending on the enhancement levels and the interplay of nucleation and 

growth rates, the temperature might lead to different final sizes and particle concentrations. 

In this chapter, syntheses were conducted by changing the TOP:Pd precursor ratio and 

temperature to observe their effects on the kinetics. The time evolutions of particle size and 

concentration were observed with in-situ small angle X-ray scattering. The results showed 

a higher TOP:Pd ratio can suppress both nucleation and growth rates. In the studied systems 

the growth rates were reduced more than nucleation rates, leading to smaller final size. On 

the other hand, within the experimental temperature range (120 – 140 °C), both nucleation 

and growth rates increase to similar extents which does not affect the final size 

significantly. Discussions based on the proposed ligand controlled synthesis mechanism 

are given on the trend of nucleation, growth and final size.  

Materials and Methods 

Colloidal Pd Nanoparticle Synthesis and Characterization 

The colloidal Pd nanoparticle syntheses were conducted using the same heat-up method12 

as in Chapter 7. Two synthesis systems of Pd nanoparticles using different Pd precursors 

and solvents were performed, using the same ligand TOP (Aldrich 97 %). In the first 

synthesis system, palladium (II) acetate (Aldrich 99.9 %) was used as the precursor after 

recrystallization. The solvent consists of anhydrous pyridine and the reducing agent 

hexanol (Sial 99 %), each with the same volume. Both were degassed using nitrogen 
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(99.999% from liquid N2 boil off) at a flow rate of 10 mL/min for 30 min before use. The 

synthesis is conducted at 100 °C, with 6 mL 10 mM Pd acetate solution adding TOP:Pd = 

1 or 2 (molar) under 300 rpm stirring under an inert atmosphere to compare the kinetics 

with different TOP:Pd ratios. All the agents were mixed in a nitrogen glove box with both 

oxygen and moisture levels < 1.5 ppm.  

In the second synthesis system, Pd(acac)2 and oleylamine were used as precursor and 

solvent. Different concentrations (15 mM and 3 mM) Pd(acac)2 was dissolved in 6 mL 

oleylamine under 300 rpm. TOP was added with different ratios (1 and 2), and the 

reaction was conducted at 100 °C, 120 °C, 140 °C, and 160 °C. The mixing of the agents 

and the reactions were both done under a N2 atmosphere. 

The in-situ SAXS measurements followed the same procedure as shown in the last 

Chapter 7 and SI Chapter 8. Due to the high viscosity of oleylamine, for the Pd(acac)2 

system the time resolution was reduced to 13 s (the peristaltic pump could not pump 

oleylamine at the same rate as pyridine/hexanol). The same data process and analysis 

methods were used on in-situ SAXS data of Pd(acac)2 synthesis. 

Results and Discussions 

TOP:Pd ratio effect on nucleation and growth kinetics 

Figure 9.1 shows the time evolutions of the nanoparticle size and particle concentration 

for the Pd(OAc)2 synthesis with different TOP:Pd ratios of 1 and 2 from the SAXS data 

analysis, with the final particle size 5.0 nm ± 0.41 nm (8 % polydispersity) and 4.3 nm ± 

0.56 nm (13 % polydispersity). Both reactions reached to similar extents of reaction (88 

% at a ratio of 1 and 91 % at a ratio of 2). At lower TOP:Pd ratio the final size is larger,  
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with a lower number of particles formed in the solution. Figure 9.2 shows the time 

evolutions of nucleation rate, growth rate and growth/nucleation rate ratio that are 

extracted from the data in Figure 9.1. Firstly, both growth and nucleation rates reach the 

highest in the very early time (stage) close to the beginning of the reaction, and decrease 

with time for both ratios, which is reasonable due to the consumption (reduced 

concentration) of monomers, and the free ligand released in the solution capping on the 

surface to slow down the growth. Both nucleation and growth are lower at the ratio of 2 

than at the ratio of 1 in the early stage (< 1000 s) of the synthesis when both growth and 

nucleation rates are high (dominant), indicating higher concentrations of TOP inhibit both 

the nucleation and growth. In terms of the nucleation, it is likely that the ligand 

dissociation is a critical factor (besides the pre-reduction precursor reactivity as discussed 

in Chapter 7 and 8) to the nucleation step. At the ratio of 2, each monomer has a higher 

average number of ligand bonded than the ratio of 1, which could slow down the kinetics 

of complete ligand dissociation which is possibly a prerequisite for the monomer 

nucleation. In terms of the surface growth, a higher ligand concentration will increase the 

ligand capping density on the nanoparticle surface, resulting in a more limited number of 

free active surface sites for the monomers to be catalytically reduced and grow on the 

particle surface. The growth/nucleation ratio is a representative criterion showing if the 

reactive monomers in the solution prefer to participate in nucleation event (formation of 

new particles) or be reduced and added on the nanoparticle surface. At the TOP:Pd ratio 

of 1, the growth to nucleation rate is higher than the ratio of 2, which is consistent with 

the SAXS characterization results that lower TOP concentration creates larger particles 

and fewer number of particles.  
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Figure 9.1 In-situ SAXS fitting results at different TOP : Pd ratios: time evolutions of (a) 

diameter and (b) number of particles / L at TOP:Pd = 1 and 2. Pd(OAc)2 concentration = 

10 mM, solvent : hexanol = 1:1, T = 100 °C. The percentages refer to the extents of 

reaction. Time 0 was defined as 13 seconds before the first fittable spectrum (the time when 

the last non-fittable spectrum was taken). At time 0, the solution temperature has already 

reached the target temperature. 

 

Figure 9.2 Kinetic rates extracted from in-situ SAXS analysis: (a) nucleation rate; (b) 

growth rate and (c) growth/ nucleation rate ratio changing with time at TOP:Pd = 1 and 2. 

Pd(OAc)2 concentration = 10 mM, solvent:hexanol = 1:1, T = 100 °C. 
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Figure 9.3 presents the time evolutions of mean diameter and number of particles in 

Pd(acac)2 synthesis system with different TOP:Pd ratios at 140 °C. The synthesis follows 

a similar trend to the Pd(OAc)2 synthesis that the final particle size decreases with the 

TOP amount (3.4 nm ± 0.34 nm at TOP:Pd = 1, 3.1 nm ± 0.25 nm at TOP:Pd = 2, 3.0 nm 

± 0.27 nm at TOP:Pd = 3), and the number of particles shows the opposite trend. For the 

same length of reaction time, the extent of reaction decreases with the increase of TOP 

amount (at TOP:Pd = 3 only 42 % of Pd complexes were reduced and formed 

nanoparticles). Approaching to 3000 seconds, both particle size and number of particles 

increased very slowly, indicating the nanoparticles were almost fully capped at this 

moment, and the excess amount of ligands coordinating largely suppressed the monomer 

reactivity for nucleation. Similarly, the nucleation, growth rates, and growth/nucleation 

rate ratio were calculated and shown in Figure 9.4. Analogous behavior to the Pd(OAc)2 

synthesis was observed under this synthesis condition, that both of the nucleation and 

growth rates are higher with a lower amount of TOP, and the growth/nucleation decreases 

with TOP concentration which leads to smaller particles. From a chemistry perspective, 

both Pd(acac)2 and Pd(OAc)2 are square-planar complexes with the same Pd(II) center 

and very similar binding groups (– acac vs. – OAc). The solvents, oleylamine and 

pyridine, are both nitrogen coordinators with weak interactions with the Pd complex 

center. Similar binding and reduction mechanisms (PdXn(TOP)m(NR)l, where X = acac or 

OAc, NR = pyridine or oleylamine, n + m + l= 4) would be reasonable for both 

syntheses, causing the similar ligand tuned nucleation and growth rate trends.  
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Figure 9.3 In-situ SAXS fitting results at different TOP:Pd ratios: time evolutions of (a) 

diameter and (b) number of particles / L at TOP:Pd = 1, 2 and 3. Pd(acac)2 concentration = 

15 mM in oleylamine solvent, T = 140 °C. The percentages refer to the extents of reaction. 

Time 0 was defined as 13 seconds before the first fittable spectrum (the time when the last 

non-fittable spectrum was taken). At time 0, the solution temperature has already reached 

the target temperature. 

 

 

Figure 9.4 Kinetic rates extracted from in-situ SAXS analysis: (a) nucleation rate; (b) 

growth rate and (c) growth/ nucleation rate ratio changing with time at TOP:Pd = 1 and 2. 

Pd(OAc)2 concentration = 10 mM, solvent:hexanol = 1:1, T = 100 °C. 
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Temperature effect on colloidal Pd nanoparticle synthesis 

Figure 9.5 shows the mean diameter and time evolution of the number of particles at 

three different temperatures (120 °C, 140 °C and 160 °C) at TOP:Pd = 2. Interestingly, 

the sizes (3.0 nm ± 0.27 nm, 3.1 nm ± 0.25 nm, and 2.9 nm ± 0.27 nm at 120 °C, 140 °C 

and 160 °C, respectively) did not vary with the reaction temperature to a considerable 

extent. Meanwhile, the number of particles increases slightly with the temperature. Note 

that the extents of these three reactions are within 10 % difference, while at this 

comparatively small particle size, the number of atoms in each particle decreases more 

dramatic with the particle size than the larger particles. For instance, when the size 

increases from 2.9 to 3.1 nm, the number of atoms in each particle is estimated as 870 

and 1071, with a 23 % increase in number. Therefore, with a specific number of reacted 

atoms, small size difference and different extents of reaction may lead to an observable 

change of the total number of particles.  

 

Figure 9.5 In-situ SAXS fitting results at different TOP : Pd ratios: time evolutions of (a) 

diameter and (b) number of particles/L at 120, 140 and 160 °C with TOP : Pd = 2. 

Pd(acac)2 concentration = 15 mM in oleylamine solvent. The percentages refer to the 
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extents of reaction. Time 0 was defined as 13 seconds before the first fittable spectrum 

(the time when the last non-fittable spectrum was taken). At time 0, the solution 

temperature has already reached the target temperature. 

Figure 9.6 illustrates the nucleation, growth rates and growth to nucleation rates varying 

with reaction time. As explained above, both nucleation and growth rates increase with 

the reaction temperature, showing evidence of the ligand-controlled synthesis 

mechanisms on both events correlating to the weakening of ligand-metal bindings, as 

well as the possible improvement of precursor reduction. In Figure 9.6(c), the peak 

(maximum) of growth/nucleation ratio follows the sequence of 140 °C > 120 °C > 160 

°C, which is the same with the size sequence. However, because of the small differences 

in the rate ratio and size under these three temperatures, it is not yet convincible to 

conclude in any trends with the temperature.  

It is of high interest that within the studied temperature range of this synthesis system, the 

elevation of temperature balanced the nucleation and growth rates, i.e., increasing both 

rates to a similar extent and consequently resulted in a small difference in final size. It is 

noteworthy that a continuing study on the quantitative evaluation of the activation energy 

of the critical reaction steps, i.e., ligand-metal precursor reaction, monomer nucleation, 

ligand – monomer association/dissociation, ligand – nanoparticle surface 

association/dissociation, would be greatly helpful in understanding the temperature 

balanced effect, and further the kinetic and mechanistic control of nanoparticle synthesis. 
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Figure 9.6 Kinetic rates extracted from in-situ SAXS analysis: (a) nucleation rate; (b) 

growth rate and (c) growth/ nucleation rate ratio changing with time 120, 140 and 160 °C 

with TOP : Pd = 2. Pd(acac)2 concentration = 15 mM in oleylamine solvent.  

Conclusions 

In this chapter, the ligand:precursor ratio and the temperature effects on two different 

colloidal Pd nanoparticle synthesis systems (Pd acetate in pyridine and hexanol mixture, 

and Pd(acac)2 in oleylamine) using the same trioctylphosphine were investigated. Both 

systems showed the same trends for the effect of TOP:Pd ratio on the nucleation, growth, 

and growth nucleation rates, that is, the final particle size decreases with the TOP amount. 

On the other hand, the elevation of the reaction temperature in a specific range can 

increase both the nucleation and growth rates and the results showed that temperature 

affected both to a similar extent resulting in a similar final particle size.  
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10. Conclusions and Recommendations of Future Work 

Conclusions 

The dissertation presents the work on an effort of answering the scientific questions listed 

in Chapter one, which are concluded as follows: 

1. A methodology using ITC, NMR, and XAFS coupled with establishing an ITC 

model for the ligand-induced trimer breaking and ligand-monomer binding was 

developed. The thermodynamic properties, including Gibbs free energy, enthalpy, 

entropy, and binding ratio were extracted for ligand-trimer reaction, ligand-monomer 

binding and trimer dissociation which is difficult to obtain under realistic conditions 

due to the high stability of trimer in a non-coordinating solvent. The binding reaction 

is enthalpy driven, and the entropic penalty consists of a significant portion of the 

total binding Gibbs free energy. 

2. Based on the first conclusion, the binding thermodynamics of square planar Pd 

complex (Pd(OAc)2 and PdCl2(py)2) to the tertiary phosphine ligands with different 

length of linear substitute groups were investigated. For the stronger binding sites, the 

entropy decreases with the chain length while the enthalpy has no significant 

difference. It can be understood that after binding, the original binding group (acetate 

or chlorine) has steric force on the ligand chain motion. For shorter chain length (C2-

C3) of ligands, the chain motion randomness is more restricted resulting larger 

internal randomness entropic drop whereas longer ligands have more free spaces for 

the chain motion. The motion does not decrease dramatically compared with free 

ligands, which leads to a smaller entropic drop. 
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3. It is concluded that different ligands can affect the ligand-metal complex 

association/dissociation thermodynamics. The binding Gibbs free energy can be a 

criterion for the binding affinity, and at the same time, may modify the precursor 

reactivity. Coordinating solvents acting as ligands was found modifying the precursor 

reactivity through binding to the metal center, and the ligand capping density through 

competitive binding with the TOP ligand on the particle surface. Strong coordinating 

solvent tends to reduce the reactivity of the precursor and consequently slow down 

the nucleation to create a fewer number of particles. At the same time, it decreases the 

TOP ligand capping density due to the higher binding ability (affinity) that can 

occupy more sites to create higher dynamic for the available growth sites and increase 

the growth rates. Both effects lead to larger particles, showing the coordinating agents 

(ligand/solvent) are critical in the synthesis mechanism and affecting the kinetics. 

4. Temperature, and ligand:metal ratio has the potentials of modifying the metal-ligand 

interactions. Higher ligand: metal ratio and lower temperature tend to enhance the 

ligand-metal interactions, resulting in slower nucleation and growth rates. The 

growth/nucleation rate ratio is the decisive factor depending on the extents of the 

variations on growth and nucleation rates, of which higher values result in larger 

particles. 
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Recommendations of Future Work 

Thermodynamics of Ligand-metal interactions 

In Chapter 5, the results showed that the binding affinity of the tertiary phosphine ligand 

bonding to the PdCl2(py)2 in pyridine increases (and Gibbs free decreases) with the increase 

of the chain length. A possible explanation can be given that the internal randomness 

entropic penalty decreases with the chain length, due to the stronger restriction on the 

mobility of the shorter carbon chains. However, for a similar square planar metal complex, 

PtCl2(py)2, the preliminary results shown in Table x indicate there is only one available 

binding site for these tertiary phosphine ligands, of which the equilibrium constants lie 

within the same order of magnitude (~105) with the weaker binding site on PdCl2(py)2.  

Table 10.1 Thermodynamic parameters of phosphine ligands binding with Pd(OAc)2 at 

25 °C from the trimer-monomer model. The concentration of PtCl2(py)2 is 1 mM. The 

ligand concentration is 15 mM. The injection volume is 4.5 µL. The time between two 

injections is 30 min. 

 
KL (M-1) ∆G 

(kJ/mol) 

∆H (kJ/mol) – T∆S 
(kJ/mol) 

∆S (J/mol 

K) 

TEP (C2) (1.6 ± 0.6) × 

105 

– 29.7 ± 

1.1 
– 69.5 ± 1.4 39.8 ± 2.5 

– 133.9 ± 

0.8 

PPr3 (C3) (2.5 ± 0.3) × 

105 

– 30.8 ± 

0.3 
– 72.8 ± 0.6 41.9 ± 0.9 

– 140.6 ± 

0.3 

TBP (C4) (1.8 ± 0.4) × 

105 

– 30.1 ± 

0.4 
– 71.0 ± 0.6 41.0 ± 1.0 

– 137.4 ± 

0.3 

THP 

(C6) 

(1.3 ± 0.2) × 

105 

– 29.2 ± 

0.4 
– 70.0 ± 0.8 40.8 ± 1.2 

– 136.8 ± 

3.9 

TOP 

(C8) 

(2.3 ± 0.4) × 

105 

– 30.6 ± 

0.4 
– 75.1 ± 1.0 44.5 ± 1.4 

– 149.2 ± 

4.6 

 

Furthermore, there is no obvious trend between the substituent chain and the 

thermodynamic properties. Instead, a different, but more commonly observed phenomenon 
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of entropy-enthalpy compensation was found. Figure 10.1 shows the plot of the binding 

entropy vs. enthalpy in pyridine. The entropy increases with the enthalpy in a linear trend, 

with no obvious correlation between the chain length, enthalpy, or entropy value. A 

hypothesis is made that the binding sites with a low binding equilibrium constant ( < 105) 

tends to show an entropy-enthalpy compensation behavior, and the binding sites with a 

high binding equilibrium constant ( > 105) has a dominant internal randomness dependence 

on the entropy penalty. Future work can be focused on investigating the intrinsic reason 

for different entropy and enthalpy behaviors. 

 
Figure 10.1 Entropy and enthalpy compensation in phosphine ligand binding with 

PtCl2(py)2. 

 

Temperature dependence of nucleation and growth kinetics 

In Chapter 9, in the Pd(acac)2 – TOP synthesis system the nucleation and growth rates 

both increase with the temperature, while the final particle size stays consistent. The 

kinetic rates are dependent on both reactant concentration and the kinetic parameter of all 

the chemical reactions, of which the latter was initially established using a four-step 
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ligand involved mechanism. For a specific step of the chemical reaction, the kinetic 

parameter can be represented as the Arrhenius equation which is related to a pre-

exponential factor and the activation energy: 

k =  Aexp(
‐Ea
RT
) 

where k is the kinetic parameter, A is the pre-exponential factor, and Ea, is the activation 

energy. Assuming A does not change significantly within the experimental temperature 

range, by fitting the time evolution of particle concentration and mean particle size using 

the kinetic model, k values can be extracted in all the reaction steps and Ea  can be 

calculated, which will give an insight into the activation barrier of the reactions. 

Detailed chemistry in the reduction-nucleation mechanism 

In both Finke-Watzky model and ligand controlled model, the first nucleation step was 

represented using a pseudo elementary reaction A → B, where B is the atom in the nucleus. 

However, firstly the nature of A is unclear, i.e., if it is metal complex with ligand 

coordination or a reduced metal atom. Secondly, the nucleation process could involve 

multiple steps of reactions including precursor reduction, ligand dissociation and formation 

of nuclei. The details and the sequence of these possible reactions are not well investigated, 

i.e., if there are multiple steps in the reduction and ligand dissociation, or if the ligand 

dissociation and precursor reduction happen subsequently or simultaneously during the 

nucleation. Furthermore, elucidating the detailed chemical reaction steps will benefit the 

understanding of the kinetics by figuring out the rate-limiting step, which will be 

incooperated in the kinetic model establishment. 
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Quantification of ligand effects on ligand-metal binding and synthesis kinetics 

In Chapter 4, the nucleation rate follows the trend of pre-reduction precursor reactivity 

based on the Gibbs free energy of the precursor reduction reaction calculated using DFT. 

Whereas the ligand-precursor dissociation might also affect the nucleation reaction, 

assuming the ligand dissociation is a pre-request for nucleation to happen. Since the DFT 

calculation is difficult to consider the binding energy in the solvent environment and the 

configurational (entropic) change during the binding, it is preferable to quantify the binding 

affinity (Gibbs free energy) using experimental methodologies, among which ITC would 

be an ideal technique which can deconvolute the enthalpy and entropy. Figure 10.2 shows 

a linear correlation between the final particle size and the (growth/nucleation rate)1/3 with 

two more solvents added compared with Figure 4.1 reported in Chapter 4. Due to the 

instability of the Pd(OAc)2 in coordination solvent, the ITC experiments of TOP titration 

in different solvents can be done on PdCl2(solv)2 which has shown a similar trend in 

thermodynamic properties based on the results in Chapter 8. In the end, it can be observed 

if there is a correlation between the thermodynamic quantities, especially the entropic 

contribution with the nucleation rate.  
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Figure 10.2 (a) Final average nanoparticle size, and initial nucleation and growth rates (at 

10 % Pd precursor conversion) measured in the different solvents including toluene (tol), 

2.6-lutidine (26lut), 2-methylpyridine (2MP), piperidine (pip) 3,4-lutidine (34lut) and 

pyridine (b) correlation of initial (growth/nucleation)1/3 (at 10 % Pd precursor conversion) 

with final average nanoparticle size. The error bar represents the standard deviation of the 

size distribution as obtained from the fits. The dotted lines in panels (a) and (b) show the 

observed size trend but do not represent a theoretical or empirical fit. Reaction conditions: 

Pd(OAc)2 = 10 mM, TOP : Pd = 1 (molar), solv : hexanol = 50 : 50, T = 100 °C 

 


