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Catalysis plays a pivotal role in various industrial processes, enabling the 

efficient conversion of feedstocks into valuable fuels, chemicals, and products. While 

insights from computations have increased over the past two decade, most 

computational studies employ static density functional theory (DFT) and microkinetic 

modeling, focusing on understanding reaction mechanisms. Dynamics, confinement, 

and entropic effects, stemming from catalyst mobility, solvent reorganization, and 

micropores as examples, demand different multiscale models, including classical and 

ab initio molecular dynamics (AIMD), and enhanced sampling approaches for free 

energy calculations. This thesis focuses on such phenomena and involves four core 

chapters, each contributing valuable insights into different catalytic systems. 

Chapter 2 investigates Brønsted acid catalysis in the direct acylation of 2-

methyl furan (2-MF) with acetic acid. Utilizing DFT and microkinetic modeling, the 

role of Brønsted acidity and confinement in the mechanism and kinetics is examined. 

Surprisingly, stronger Brønsted catalysts do not consistently result in faster reaction 

rates, and the proposed rate-determining step does not hold for all catalysts. The study 

emphasizes the profound impact of stabilizing transition states through confinement 

and co-adsorption of 2-MF on the direct acylation rate. 

In Chapter 3, ab Initio molecular dynamics (AIMD) free energy simulations 

are conducted to investigate the stability and dynamics of dispersed Pd atoms and 

subnanometer clusters on ‎-Al 2O3. We explore temperature and entropic effects on Pd 

nucleation on dry ‎-Al 2O3(100), dry ‎-Al 2O3(110), and hydrous ‎-Al 2O3(110) under 
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diverse water coverages and Pd loadings. This research enriches the understanding of 

static DFT calculations, providing a dynamic perspective. 

Continuing the exploration of metal clustering on ‎-Al 2O3, Chapter 4 focuses 

on Pt clustering on ‎-Al 2O3 and Sn-modified ‎-Al 2O3 surfaces. By employing AIMD 

free energy simulations, the influence of temperature, surface termination, Pt 

oxidation, and Pt and Sn loading, on Pt clustering is elucidated. Remarkably, the 

degree of hydration and Sn:Pt ratio significantly impact the Pt dispersion. The findings 

offer valuable insights into the dynamics and time scales of Pt nucleation or 

dispersion, guiding the design of dispersed metal catalysts. 

Lastly, Chapter 5 investigates unexpected kinetic solvent effects on the activity 

and selectivity of the fructose to HMF reaction within biphasic catalytic systems. By 

combining fast experimental reaction kinetics, multiscale modeling, in-situ sampling, 

IR, and 13C-NMR spectroscopy, we find that fructose reacts faster and more 

selectively in the organic-rich phase due to increased relative abundance of the 

reactive furanose isomer, the enhanced water-catalyst-substrate interactions driven by 

nanophase separation, and the higher product stability stemming from preferential 

solvation. Our findings suggest that the choice of an acid catalyst and the polarity and 

hydrophobicity of organic solvents can be tailored to fine-tune reactivity and 

selectivity in the process. 
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INTRODUCTION  

1.1 Mitigation of Global Warming via Catalysis 

Global warming presents a substantial threat to our planet and its inhabitants. 

As human-induced greenhouse gas emissions drive a steady increase of the Earth's 

average temperature, the effects of climate change become more apparent.1 These 

encompass extreme weather events, rising sea levels, and the depletion of 

biodiversity.2 In a concerted effort to counter this alarming trend, the UN Climate 

Summit in 2021 reaffirmed the objective of constraining the rise of the global average 

temperature to ρȢυ °C and achieving net-zero carbon emissions by the middle of the 

21th century.3 Meanwhile, the increasing global demand for energy is anticipated to 

continue. Currently, a quarter of the world's energy consumption is attributed to 

industrial chemical production, a figure projected to swell to τυ% by 2040.4 Among 

the promising strategies, catalysis emerges as a viable avenue.5 Tapping into the 

potential of catalysis offers a pathway to decrease greenhouse gas emissions, enhance 

energy efficiency, and engineer sustainable technologies to effectively mitigate the 

repercussions of climate change. 

Catalysis stands as a pivotal tool for addressing global warming. Catalytic 

processes can transform greenhouse gases like carbon dioxide (CO2),
6 methane 

(CH4),
7 and nitrous oxide (N2O)8 into environmentally friendlier products. An 

example is the conversion of carbon dioxide into valuable chemicals or fuels, which 

serves to diminish its presence in the atmosphere.9 Additionally, catalysis can optimize 
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the efficiency of industrial processes, resulting in reduced energy consumption and 

minimized emissions.10 Moreover, catalysts play a crucial role in the advancement of 

clean and renewable energy technologies, such as fuel cells and hydrogen 

production,11,12 which hold the potential to supplant fossil fuels and thereby lessen the 

overall carbon footprint. 

Within this thesis, we focus on two domains. The first pertains to platinum 

group metal (PGM) catalysts, commonly employed in the automotive exhaust 

catalysis.13,14 These catalysts effectively eliminate exhaust gases like nitrogen oxide, 

carbon monoxide and hydrocarbons. Recently, there has been a growing interest in 

atomically dispersed PGM atoms and subnanometer clusters on oxide supports owing 

to their heightened activity.15,16 The second domain delves into the conversion of 

lignocellulosic biomass into valuable chemicals, serving as potential alternatives to 

petroleum derivatives. Lignocellulosic biomass consists of approximately σπυπ% 

cellulose, ςπ συ% hemicellulose, and ρυ σπ% lignin.17 Notably, cellulose could 

be converted into glucose and upgraded to 5-hydroxymethylfurfural (HMF), a 

significant platform chemical for a diverse array of bio-based products.18 Similarly, 

hemicellulose could be transformed into xylose and furfural.19 These applications 

chart a new course to mitigate the impacts of global warming and its associated 

environmental challenges. 

1.2 Multiscale Modeling of Heterogeneous Catalysis 

Multiscale modeling has emerged as a versatile and potent approach in 

heterogeneous catalysis occurring at different lengths and time scales.20 The complex 

nature of catalytic systems, encompassing a diverse array of active sites, surface 

structures, and diffusion, necessitates a sophisticated and integrated approach to 
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fathom their underlying mechanisms. Multiscale modeling bridges this gap by 

combining quantum mechanics, molecular dynamics (MD), kinetic Monte Carlo 

(KMC)/microkinetic modeling (MKM), computational fluid dynamics (CFD), and 

process modeling.21 By yielding detailed insights into reaction kinetics, surface 

chemistry, and catalyst stability, multiscale modeling not only facilitates the design 

and enhancement of innovative catalytic materials but also propels the sustainable 

advancement of efficient and eco-friendly catalytic processes. 

At the quantum level, DFT calculations furnish vital information about the 

electronic structure and energetics of catalysts, elucidating the fundamental steps of 

adsorption, activation, and desorption. DFT enhances the computational efficiency by 

resolving the Kohn-Sham equations.22 These equations simplify the electron-electron 

interaction in the Schrödinger equation, representing it as one-electron interacting with 

an electron field.23 Employing statistical thermodynamics, it becomes possible to 

estimate thermodynamic and kinetic properties and extend them to larger length and 

timescales.24 MD simulations broaden the scope, enabling exploration of how 

reactants engage with the catalyst surface and diffuse within porous materials. The 

trajectories of atoms are determined by solving Newton's equations of motion for an 

interacting particle system.25 Forces between atoms and their corresponding potential 

energies are evaluated using DFT calculations or classical force fields. These insights 

are then extrapolated to mesoscopic modeling, encompassing KMC and mean-field 

MKM. In KMC, spatial relationships between sites are retained through representation 

of the catalyst surface as a lattice.26 Elementary reactions take place when the requisite 

molecules are in close proximity, and rates are regulated by weighted probability 

distributions. Random number generators simulate the time between events and the 
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reactions within events.27 By averaging across numerous trajectories, KMC 

simulations facilitate comprehension of collective behavior across multiple active sites 

and the spatial distribution of reaction intermediates. Conversely, in MKM, all surface 

elements and active sites are assumed to be uniformly distributed. Unlike KMC, 

MKM involves solving a series of ordinary differential equations (ODEs) to generate 

deterministic outcomes.28 

Stepping up to the macroscale, CFD models offer a perspective on reactor 

performance, encompassing mass and heat transfer, reactor engineering, and process 

optimization. This methodology examines intricate flow patterns by solving the 

Navier-Stokes and continuity equations, coupled with species and energy balances.29,30 

Ultimately, the largest scale pertains to plant-scale modeling, where kinetics, fluid 

dynamics, mass transfer, and heat transfer are integrated to perform realistic 

simulations of plant operations. By combining these diverse simulation techniques, 

multiscale modeling expedites catalyst discovery and rational design, propelling 

catalysis research toward sustainable and energy-efficient technologies. 

1.3 Confinement in Heterogeneous Catalysis 

Investigations have unveiled the significant influence of the "confinement" on 

catalytic activity and selectivity when active sites are restricted within nanoscale 

spaces like pores, channels, or catalyst interfaces.31 This captivating concept has 

garnered significant attention owing to its potential to revolutionize the design of 

highly efficient and selective catalysts for a wide range of industrial applications, 

spanning from sustainable energy generation to environmental remediation and 

intricate chemical synthesis. 
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Structural confinement stems from spatial constraint and the impact of the 

local electric field.32 These mechanisms encompass phenomena such as shape-

selective catalysis,33 enhanced adsorption through van der Waals interactions,34 and 

electronic confinement.35 The spatial constraint not only affects molecule adsorption 

but also diffusion and intermolecular interactions. On the other hand, the arrangement 

of charges within the system results in a distinct electrostatic field which alters the 

potential energy of guest molecules and their activation energy, leading to changes in 

catalytic performance.36 Consequently, modifications in electronic states induced by 

the local electric field contribute to shifts in catalytic behavior, such as the reaction 

mechanisms and kinetics. 

Confinement exerts significant influence on catalytic processes through several 

key mechanisms. Firstly, it intensifies the adsorption of reactant, increasing the 

probability of productive collisions and adsorption near active sites.37 This heightened 

collision probability facilitates the formation of transition states. Additionally, the 

spatial constraints imposed by confined spaces effectively pre-organize reactant 

molecules, positioning them favorably for reactions and thus lowering the activation 

energy required to reach the transition state.38 Furthermore, the van der Waals and 

electrostatic interaction between zeolite void and the guests can stabilize the transition 

state of the reactions, leading to lower activation energies.39 By harnessing these 

effects, researchers have successfully crafted remarkably efficient and selective 

catalysts.  

1.4 Catalyst Dynamics 

Catalysts are dynamic rather than static.40 Their chemical composition, surface 

structure, active sites, and electronic properties undergo changes in response to 
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variations in temperature, pressure, and the composition of the reaction mixture. These 

dynamic alterations profoundly impact on the catalyst's overall performance, as 

modifications in chemical properties directly influence its catalytic activity.41 

Understanding the intricate relationships between catalystôs structure and various 

factors is essential, especially considering the heterogeneities often encountered within 

operational reactors and catalysts. 

Theoretical investigations to realistically simulate operando conditions are 

imperative.42 Nevertheless, the current commonly-used computational models often 

oversimplify operando conditions, leading to potential discrepancies between 

simulation results and experimental observations. For instance, the periodic slab 

model utilized in heterogeneous catalysis assumes a fixed catalyst structure and may 

not fully represent the active catalyst structure under the influence of the reaction 

environment.43 Consequently, accurate modeling requires explicit consideration of the 

interaction between the environment and the reaction intermediate species to reflect 

the true behavior of the catalyst during catalytic processes. 

The concept of operando modeling emerges as a powerful tool in bridging this 

gap between theory and experiment. By encompassing the influence of temperature, 

pressure, and solvent on the active catalyst structure, operando modeling provides a 

more realistic representation of the catalyst's behavior under actual reaction 

conditions.43 Furthermore, considering that catalysts can undergo structural changes 

throughout a reaction, long-term and large-scale simulations become necessary to 

capture these dynamic behaviors effectively. Through exploring numerous 

intermediates and reaction pathways, operando modeling enables the establishment of 
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extensive reaction networks, shedding light on the intricate catalytic mechanisms 

operating under operando reaction conditions. 

1.5 Dissertation Scope and Structure 

The present dissertation delves into the multiscale modeling of heterogeneous, 

multiphase catalytic systems, with a primary focus on solvent effects and catalyst 

dynamics. 

Chapter 2 focuses on the direct acylation of 2-methylfuran (2-MF) using acetic 

acid over Keggin-type phosphotungstic acid (HPW) and H-BEA zeolite. Using DFT 

calculations and microkinetic modeling (MKM), catalytic pathways are mapped and 

analyzed, shedding light on the influence of acid strength, confinement, co-adsorption 

of 2-MF, and early water desorption on the overall reaction rate of the direct acylation. 

In Chapter 3, a novel workflow is introduced, employing Ab Initio Molecular 

Dynamics (AIMD) free energy simulations and statistical structural analysis. The 

focus is on the dynamics and stability of Pd atoms and subnanometer clusters 

supported on ‎-Al 2O3. The impact surface termination, temperature, entropy, 

hydration, and Pd loading, is thoroughly examined. 

Chapter 4 builds upon the workflow established in Chapter 3, applying it to Pt 

clustering on ‎-Al 2O3 and Sn-modified ‎-Al 2O3 systems. By employing free energy 

simulations, probability density calculations, and electronic structure analysis (e.g., 

Bader analysis), this chapter explores how the introduction of Sn, the hydration of the 

support and the oxidation of Pt influence the dynamics and stability of dispersed Pt 

atoms. 

In Chapter 5, classical MD simulations are employed to investigate the 

partition of water between fructose and HMF. Furthermore, a hybrid QM/MM MD 
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approach is implemented to study the proton-fructose and proton-HMF interactions in 

the mixtures of organic solvent and water. These investigations aim to elucidate the 

unexpectedly high rate and yield of fructose dehydration to HMF in the organic-rich 

phase. Additionally, a similar QM/MM MD simulation in Appendix G explores the 

direct conversion of glucose to HMF, emphasizing the role of solvents in facilitating 

the protonation of the desired oxygen atom in glucose, leading to enhanced conversion 

while minimizing the formation of low-value byproducts. 

Finally, in Chapter 6, we summarize the dissertation findings and propose 

future work and perspectives. 
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BRØ NSTED ACID CATALYSIS OF THE DIRECT  ACYLATION OF 2 -

METHYLFURAN BY ACETIC ACID. THEORETICAL INSIGHTS INTO THE 

ROLE OF BRØ NSTED ACIDITY AND CONFINEMENT  

2.1 Abstract 

It has been reported that the rate of the direct acylation of 2-methylfuran (2-

MF) by acetic acid (AcOH) in H-ZSM5 and H-BEA zeolites is controlled by the 

dehydration of the acid and the formation of the acyl intermediate, which raises the 

reasonable question whether it could be accelerated by an acidic catalyst stronger than 

an aluminosilicate. We report on a comprehensive computational study of the reaction 

over the Keggin-type phosphotungstic acid (HPW), widely considered a superacid, 

and in H-BEA. We find that HPW can catalyze the acylation of 2-MF ρȢυ times as fast 

as H-BEA, but not because it is more efficient in catalyzing the dehydration of the 

acidðneither on HPW nor on H-BEA is the acylation reaction rate determined by the 

dehydration of AcOH. On HPW, the turnover frequency is limited by the dissociation 

of an acylium-water complex and the desorption of the water molecule; the subsequent 

electrophilic attack at the furan is non-activated and proceeds spontaneously. On H-

BEA, on the other hand, the reaction rate is limited by the deprotonation of the 

Wheland intermediate after the electrophilic addition of the acylium, which itself is an 

activated step. Although in light of these findings the need to accelerate the 

dehydration of AcOH becomes rather moot, our study reveals that confinement and 

enthalpic stabilization of a transition state can trump sheer Brønsted acidity. Owing to 
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extra enthalpic stabilization of the respective transition state by the zeolite framework 

and by the furan co-adsorbate, H-BEA is more active than HPW for the dehydration of 

the organic acid, presenting both the lowest intrinsic free energy barrier, by σ 

kcal/mol, and the lowest free energy span, by φ kcal/mol.  By investigating a number 

of pathways, we find that a mechanistically similar pathway on HPW turns out to be 

kinetically irrelevant due to significant entropic losses related to the binding of the 

furan co-adsorbate; on H-BEA, these losses are compensated by the strong enthalpic 

gains. 

2.2 Contributions 

This chapter and Appendix A contain published work1 towards the completion 

of this thesis. Tso-Hsuan Chen performed all the density functional theory calculations 

and microkinetic modeling. Dr. Stavros Caratzoulas and Prof. Dionisios G. Vlachos 

provided supervision. This chapter and Appendix A were written solely by Tso-Hsuan 

Chen. 

2.3 Introduction  

The acylation of aromatic or furanic compounds is an important carbon-carbon 

bond-forming reaction for the synthesis of fuels and intermediates for pharmaceuticals 

and a range of chemicals.2,3 Conventional acylation processes use homogeneous Lewis 

acid catalysts such as AlCl3 and BF3, which contribute to environmentally hazardous 

side products and waste.4ï6 In recent work, Koehle et al. demonstrated that the H-BEA 

zeolite and the isomorphously substituted Lewis acidic Sn-BEA zeolite can selectively 

catalyze the acylation of furans with acetic anhydride.7,8 Mechanistic studies proposed 

that the reaction follows the classic addition-elimination electrophilic substitution 
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mechanism on both H-BEA and Sn-BEA.8 They also showed that the rate-limiting 

step seems to depend on the substrate, a conclusion aligned with what is known about 

the Friedel-Crafts acylation of aromatics.9 Specifically, the acylation of 2-methylfuran 

was found to be controlled by the formation of the acyl group (viz., dissociation of the 

anhydride) whereas the acylation of the furan was controlled by the deprotonation of 

the Wheland intermediate. Following up on that work, Park et al. achieved the 

synthesis of tunable oleo-furan surfactants by reacting activated, substituted furans 

with acid anhydrides over Brønsted acidic SPP.10 

Although the acid anhydrides and acyl chlorides used in commercial acylation 

processes are facile acylating agents, they do exhibit significant process 

disadvantages, such as formation of corrosive, toxic by-products (e.g., acyl chlorides), 

and require additional separations steps for by-product recycling (e.g., acid 

anhydrides).11,12 It would, therefore, be advantageous to carry out Friedel-Crafts 

acylation in a more direct manner, namely with carboxylic acids as acylating 

agents.13,14 In addition to water being the only by-product, obviating the preprocessing 

steps required for acyl chlorides or acid anhydrides, carboxylic acids would be ρππ% 

carbon atom efficient.  

Gumidyala et al.13 have reported high selectivity (ψχ%) for 2-acetyl-5-

methylfuran when 2-methylfuran (2-MF) was reacted with acetic acid (AcOH) over H-

ZSM-5 and H-BEA at υςσ K. Working at low surface coverages, the smaller-pore H-

ZSM5 exhibited higher turnover frequency than H-BEA, presumably because greater 

confinement effects in H-ZSM5 stabilize the transition state of the rate-limiting step.  

Following up on that work, Ji et al.14 showed that the maximum AcOH conversion in 

H-ZSM5 increases with reaction temperature and selectivity of over ωπ% can be 
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achieved at the optimal temperature of υςσ K. The same work further demonstrated 

that excess of AcOH staves off oligomerization of 2-MF and increases the catalyst 

stability. 

Using DFT calculations, Gumidyala et al.13 proposed that the rate-limiting step 

of the acylation of 2-MF with AcOH is the formation of an acyloxy intermediate. 

Although it relied on electronic and not free energy profiles, that conclusion was not 

entirely surprising, especially in light of the mechanistic studies of Koehle et al,7 who, 

based on microkinetic modelling, proposed that the dissociation of the acetic 

anhydride is the rate-limiting stepðdespite the fact that it presented a free energy span 

that was slightly lower than that corresponding to the transition state for the 

dissociation of the C-H bond of the Wheland intermediate. Furthermore, and owing to 

the topology of their highest occupied molecular orbitals, the AcOH and its anhydride 

coordinate to Brønsted protons via their carbonyl groups. The acid, however, must 

assume a less favorable coordination geometry, via its OH group, before it undergoes 

dehydration and there is an energy cost associated with such re-organizationðin the 

range of ρπ kcal/mol, according to our calculations.  All that is consistent with the 

acetic acid being not as effective an acylating agent as its anhydride. It also raises the 

reasonable question whether a Brønsted acidic catalyst stronger than an 

aluminosilicate would accelerate the dehydration step. 

Heteropolyacids like the Keggin-type phosphotungstic acid (HPW)15,16 are 

widely considered as superacids and have also been reported to be highly selective in 

the direct acylation of toluene and anisole.6,17  HPW presents a deprotonation energy 

(DPE) of ςφπ kcal/mol,18 which is ςσ kcal/mol lower than that of H-BEA 

(DPE=ςψσȢυ kcal/mol).18 Although DPE values are quite sensitive to the theory level 
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(our own DPE calculations have produced the values of ςφτ and ςψρ kcal/mol, 

respectively) differences between values estimated at the same theory level are 

indicative of the O-H bond strength and of how readily the proton could be donated. 

In this paper, we use DFT calculations and microkinetic modelling to map out 

and analyze catalytic pathways for the direct acylation of 2-MF by AcOH over HPW. 

For comparison, we also undertake a comprehensive pathway development for H-

BEA. 

Our results are surprising. HPW can catalyze the acylation ρȢυ times as fast as 

H-BEA but not because it is more efficient in catalyzing the dehydration of the acid. 

In fact, the AcOH dehydration is not rate-determining on either of the two catalysts. 

On HPW, the turnover frequency is limited by the dissociation of an acylium-water 

complex and the desorption of the water molecule. On H-BEA, the reaction rate is 

controlled by the deprotonation of the Wheland intermediate. H-BEA presents both 

the lowest intrinsic free energy barrier and the lowest free energy span for the 

dehydration of the acid owing to the extra enthalpic stabilization of the transition state 

by the furan co-adsorbate. We find similar stabilization on HPW as well, but the 

related pathway is not catalytically relevant due to significant entropic losses related to 

the binding of the furan. On H-BEA, these losses are compensated by strong enthalpic 

gains owed to confinement. 

2.4 Methods 

HPW was modeled as a single cluster (Figure 2.1) and was treated quantum 

mechanically. HPW contains three types of oxygen sites on its surface: the corner-

sharing bridging oxygen (Ob), the edge-sharing bridging oxygen (Oc) and the terminal 

oxygen (Od). Following Janik et al.,15,19 two of the three protons of HPW were placed 
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on edge-sharing bridging oxygens (Oc) and the third was placed on a corner-sharing 

bridging oxygen (Ob). The H, C, O, P atoms were modelled at the M06-L/6-31G(d,p) 

theory level and the W atoms were modelled at the M06-L/LANL2DZ level. All 

atoms were allowed to relax during geometry optimization. 

H-BEA was modelled as a ρτπT mechanically-embedded, three-layer 

ONIOM20,21 cluster with the Al atom in the T9 crystallographic position and the 

charge compensating proton on the neighboring oxygen with the highest proton 

affinity (Figure A.1). The dangling Si- bonds at the boundary of the cluster were 

capped with H atoms in the direction of the crystallographic O atoms of the 

framework. The three ONIOM layers were defined using the multi-center spherical 

cutoff protocol with cutoff radii of τȢυ, χȢπ and ωȢπ Å  for the high, intermediate and 

real layers, respectively.22 The high layer was treated at the M06-2X/6-31G(d,p) level 

of theory and all its atoms and adsorbed species were allowed to relax during 

geometry optimization. The intermediate layer was modelled at the M06-2X/3-21G 

level of theory and the real layer was modelled with the universal force field (UFF). 

The atoms of the intermediate and real layers were frozen during geometry 

optimization. 
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Figure 2.1: Phosphotungstic acid model and atom labelling convention. (H, white; O, 

red; P, orange; W, blue.) 

The transition states were confirmed by vibrational frequency analysis and 

intrinsic reaction coordinate (IRC) calculations. The thermal corrections to the 

electronic energies were obtained within the harmonic oscillator approximation at υςσ 

K from the Python Multiscale Thermochemistry Toolbox (version 1.2.12).23 For the 

binding energies (Ὁ ) reported in this work, we followed the positive sign 

convention: Ὁ Ὁ Ὁ Ὁ  , where Ὁ  is the adsorbate gas-phase 

energy, Ὁ  is the energy of the isolated catalyst and Ὁ  is the catalyst-

adsorbate energy. 

For the calculation of the deprotonation energies, $0%Ὁ Ὁ , where Ὁ 

and Ὁ are, respectively, the energies of the acid and its conjugate base, the quantum 

region of the H-BEA ONIOM model was treated at the M062X/6-31+G(d,p) theory 

level and the H, C, O, P atoms of the HPW model were treated at the M06-L/6-
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31+G(d,p) theory level and the W atoms were modelled at the M06-L/LANL2DZ 

level. 

All electronic structure calculations were performed with Gaussian 09, 

Revision D.01.24 Details of the microkinetic model are provided in the Appendix A. 

2.5 Results and Discussion 

2.5.1 Specific Binding of Reactants on Brønsted Acid Sites 

 

Figure 2.2: Binding geometries of 2-MF (A) and acetic acid (B) on HPW; and of 2-

MF (C) and acetic acid (D) on H-BEA. Only parts of the catalysts are 

shown for clarity. (H, white; O, red; C, grey; Al, pink; W, blue.) 



 22 

Table 2.1: Calculated binding energies for AcOH and 2-MF on HPW and H-BEA. 

System Binding Energy (kcal/mol) 

2-MF on HPW ρυȢτω 
AcOH on HPW ρψȢφω 
2-MF on H-BEA ςυȢψχ 
AcOH on H-BEA ςωȢυρ 

 

Scheme 2.1: Reaction pathways of the acylation of 2-MF by AcOH over HPW via 

acylium cation (A1) or surface acyloxy (A2) intermediate, with AcOH 

undergoing dehydration in the absence of furan co-adsorbate and the 

dehydration H2O desorbing at the end of the catalytic cycle. On A1, the 

acylium cation is coordinated to the Ob oxygen. On A2, the acyloxy 

intermediate is bonded to the Oc oxygen.  (Corresponding free energy 

profiles shown in Figure 2.3; TS and intermediates geometries shown 

in Figures A.2 and A.3 (A), respectively.) 

The binding energies of AcOH and 2-MF on HPW and H-BEA are listed in 

Table 2.1. Because of hydrogen bond interactions, AcOH binds about τ kcal/mol more 

strongly than 2-MF on both HPW and H-BEA. Also, because of confinement and 

interactions with the zeolite framework, binding of either of the two reactants to H-
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BEA is about ρπ kcal/mol stronger than to HPW. The binding modes of AcOH and 2-

MF in the two model catalysts are shown in Figure 2.2 (A)-(D). Both the AcOH and 

the furan bind to the Oc proton of HPW. On both catalysts, the AcOH binds to the 

Brønsted site through its carbonyl group, which readily accepts a hydrogen bond 

(Figure 2.2 (B), (D)) 

2.5.2 Furan Acylation over HPW 

 

Scheme 2.2: Reaction pathways of the acylation of 2-MF by AcOH over HPW via 

acylium cation (B1) or surface acyloxy (B2) intermediate, with AcOH 

undergoing dehydration in the presence of furan co-adsorbate and the 

dehydration H2O desorbing at the end of the catalytic cycle. On B1, the 

acylium cation is coordinated to the Ob oxygen. On B2, the acyloxy 

intermediate is bonded to the Oc oxygen.  (Corresponding free energy 

profiles shown in Figure 2.4; TS and intermediates geometries shown 

in Figures A.2 and A.3 (B), respectively.) 
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Figure 2.3: Free energy profiles HPW corresponding to the pathways shown in 

Scheme 2.1. (Gibbs energies calculated at T=υςσȢρυ K.) 

The direct acylation of furans with carboxylic acids over Brønsted acid 

catalysts is mechanistically well understood: it entails acyl formation, by dehydration 

of the organic acid, and electrophilic aromatic substitution of the furan ring. There is, 

however, more than one pathway on a catalyst. We have mapped out and analyzed 

numerous of those and concluded that the energetics and relative kinetic dominance of 

a pathway are mainly determined by three factors. The first factor is the form of the 

acyl species, namely acylium cation versus surface-stabilized acyloxy. Second, the 

presence or absence of furan co-adsorbate can influence both the stability of the 

resulting intermediate (acylium vs. surface acyloxy) and the stability of the associated 

transition state. Finally, the presence of water in the vicinity of the active site can 
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influence not only the relative stability of the two forms of the acyl species, but also 

the transition state of the electrophilic attack (Wheland complex). In the following, we 

present the calculated catalytic pathways and then rank them in importance using 

microkinetic analysis. Remarkably, we find that the aforementioned factors weigh 

differently with different catalysts. 

2.5.2.1 Acyl Formation 

 

Figure 2.4: Free energy profiles on HPW for the pathways shown in Scheme 2.2. 

(Gibbs energies calculated at T=υςσȢρυ K.) 
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Schemes 2.1 and 2.2 show pathways in the absence (Scheme 2.1) or presence 

(Scheme 2.2) of furan co-adsorbate during the acyl formation (acylium or acyloxy 

intermediate). On all four pathways, the water that forms from the dehydration of 

AcOH remains in the vicinity of the active site and desorbs at the end of the catalytic 

cycle. Figures 2.3 and 2.4 show the corresponding free energy profiles. 

 

Scheme 2.3: Reaction pathways of the acylation of 2-MF by AcOH over HPW via 

acylium cation (C1) or surface acyloxy (C2) intermediate. On both 

pathways, the AcOH dehydration H2O desorbs upon formation and 

furan coordination happens after dehydration. On C1, the acylium 

cation is coordinated to the Ob oxygen. On C2, the acyloxy 

intermediate is bonded to the Oc oxygen.  (Corresponding free energy 

profiles shown in Figure 2.5; TS and intermediate geometries are 

shown in Figure A.2 and Figure A.3 (C), respectively.) 

Focusing on the dehydration of AcOH and the acyl formation, first, the 

acyloxy intermediate is υ φ kcal/mol more stable than the acylium ion, regardless of 

the presence of the furan. The electron rich furan ring, however, can readily stabilize 

the excess positive charge of the transition state complex and dramatically lower the 
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intrinsic dehydration barrier: from ca. ςψ kcal/mol, in the absence of furan co-

adsorbate (Figure 2.3, transition states TS1A1 and TS1A2 on pathways A1 and A2, 

respectively; respective geometries in Figures A.2 (A) and A.2 (B)), to ca. ρς and ρσ 

kcal/mol in the presence of furan (Figure 2.4, transition states TS1B1 and TS1B2 on 

pathways B1 and B2, respectively; respective geometries in Figures A.2 (C) and A.2 

(D)). But the formation of the furan-AcOH co-adsorption complex comes with a 

significant entropic cost. As a result, the overall dehydration free energy cost on 

pathways B1 and B2 rises to ca. τσ and υς kcal/mol with respect to the isolated 

reactants. So, even though furan co-adsorption can reduce the intrinsic dehydration 

barrier, the overall dehydration free energy cost compares quite unfavorably with the 

σς kcal/mol that is needed to activate the organic acid by itself. These free energy 

profiles indicate that a large AcOH:2-MF molar ratio would not only stave off furan 

polymerization, but also be beneficial to the dehydration of the acylating agent. 

2.5.2.2 Electrophilic Attack  

Of the two possible acyl intermediates, surface acyloxy and acylium cation, the 

latter is more electrophilic and its addition to the furan requires a mere ς kcal/mol of 

activation energy. The Wheland intermediate, in turn, undergoes deprotonation by 

crossing a χ kcal/mol barrier (Figure 2.3, pathway A1). 

As noted earlier, the acylium cation is an unstable species. To examine the 

stabilizing influence of the water molecule in the immediate vicinity, we performed 

calculations without water in the system (viz., water was allowed to desorb). In the 

resulting pathway (C1 in Scheme 2.3), the acylium cation is so reactive that the 

electrophilic attack at the furan happens spontaneously; we were unable to locate a 
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transition state connecting the intermediates ACLM1* and Wh1*. Figure 2.5 shows 

the respective free energy profiles. 

 

Figure 2.5: Free energy profiles on HPW for the pathways shown in Scheme 2.3. 

(Gibbs energies calculated at T=υςσȢρυ K.) 

In contrast, the electrophilic addition through the acyloxy intermediate is 

energetically more demanding. It is a two-step process (Figure 2.3, pathway A2, states 

TS2A2 and TS3A2; respective geometries in Figures A.2 (I) and A.2 (J)) which requires 

a total of τς kcal/mol of activation energy: ρσ kcal/mol is expended to form the 

acyloxy-furan complex from the acyloxy intermediate; ρω kcal/mol is required to 
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promote the electrophilic addition (TS2A2); and an additional ρπ kcal/mol is needed 

for the Wheland adduct to separate from the active site (TS3A2). This is an unlikely 

pathway as the overall energy span with respect to isolated reactants is φτ kcal/mol. 

On the other hand, removing the dehydration water right after it has formed has a 

significant effect on the energetics of this mechanism (Figure 2.5, pathway C2). The 

electrophilic addition intrinsic barrier is reduced by χ kcal/mol (from ρω to ρς 

kcal/mol), which amounts to substantial rate enhancement. But the most substantial 

reduction in the energy span comes from the entropic gain from the desorption of the 

water molecule, which brings the energy span down to τρ kcal/mol. Despite that, the 

catalytic pathway C1, which involves the very energetic acylium cation, is on 

comparison far more favorable. 

 

Scheme 2.4: Reaction pathways of the acylation of 2-MF by AcOH over H-BEA via 

acylium cation (A3) or surface acyloxy (A4) intermediate, with AcOH 

undergoing dehydration in the absence of furan co-adsorbate and the 

dehydration H2O desorbing at the end of the catalytic cycle. 

(Corresponding free energy profiles shown in Figure 2.6; TS and 

intermediates geometries shown in Figure A.2 and Figure A.3 (D), 

respectively.) 
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2.5.3 Furan Acylation over H-BEA Zeolite 

2.5.3.1 Acyl Formation 

 

Scheme 2.5: Reaction pathways of the acylation of 2-MF by AcOH over H-BEA via 

the acylium cation (B3) intermediate with AcOH undergoing 

dehydration in the presence of furan co-adsorbate and the dehydration 

H2O desorbing at the end of the catalytic cycle. (Corresponding free 

energy profile shown in Figure 2.7; TS and intermediates geometries 

shown in Figure A.2 and Figure A.3 (E), respectively.) 

Schemes 2.4 and 2.5 show pathways in the absence (Scheme 2.4) or presence 

(Scheme 2.5) of furan co-adsorbate during acyl formation (acylium or acyloxy 

intermediate). On all three pathways shown, the water from the dehydration of the acid 

remains in the vicinity of the active site until the end of the catalytic cycle. In stark 

contrast to HPW and owing to interactions with the confining framework, the organic 

acid and its complex with the furan are thermodynamically stable despite the entropic 
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losses due to confinement. Figure 2.6 and 2.7 show the corresponding free energy 

profiles. 

 

Figure 2.6: Free energy profiles on H-BEA for the pathways shown in Scheme 2.4. 

(Gibbs energies calculated at T=υςσȢρυ K.) 

Focusing, first, on the formation of the acyl intermediate in the absence of 

furan from the pore, the profiles in Figure 2.6 show that the acylium and the surface 

acyloxy species are roughly equally stable and the dehydration of the organic acid 

presents an intrinsic activation energy of σσ kcal/mol (Figure 2.6, pathway A3, 

TS1A3,A4; respective geometry in Figure A.2 (E)). This is υ kcal/mol slower than the 

intrinsic barrier on HPW under the same conditions, namely in the absence of furan 
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co-adsorbate (Figure 2.3, pathway A1). When, however, we consider that on HPW the 

intermediate preceding the dehydration transition state lies higher than the energy 

reference (isolated reactants), and thereby the organic acid activation energy span is 

σς kcal/mol (vide supra), then the two catalysts perform the same. In other words, the 

theoretically stronger acid, HPW, reduces the intrinsic dehydration energy barrier on 

account of transferring its proton somewhat more readily, but overall is not more 

efficient than the zeolite. 

 

Figure 2.7: Free energy profile on H-BEA for the pathway shown in Scheme 2.5. 

(Gibbs energies calculated at T=υςσȢρυ K.) 
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A notable difference between HPW and H-BEA is that, in the zeolite, the 

formation of the acyloxy is a two-step process that actually proceeds via the acylium 

cation. This effectively raises the acyloxy formation activation energy by ς kcal/mol 

(Figure 2.6, pathway A4, TS1A3,A4 and TS2A4; images of respective geometries in 

Figure A.2 (E) and Figure A.2 (G)). This minor barrier should be attributed to the 

energy required to destabilize the water-acylium complex. However, when we put the 

furan into the systemðin preparation for the electrophilic attackðthe acyloxy species 

is destabilized in favor of the furan-acylium cation complex and the pathways A3 and 

A4 merge once again (Figure 2.6). Specifically, when we investigated the dynamics of 

the dehydration in the presence of furan co-adsorbate, we were unable to isolate an 

acyloxy intermediate and the related geometry optimization converged to the complex 

among the acylium, furan and water molecules (pathway B3, Figure 2.7). 

Like HPW under similar conditions (pathway B1 in Figure 2.4), the 

nucleophilic furan stabilizes the partial positive charge on the dehydration transition 

complex and lowers the intrinsic barrier from σσ to ςφ kcal/mol. This is a significant 

stabilization of the transition state but not as dramatic as on HPW, where under similar 

conditions the intrinsic dehydration barrier was reduced by ρψ kcal/mol, to a value of 

ca. ρς kcal/mol.  Once again, the theoretically stronger Brønsted acid transfers its 

proton more facilely. But when we account for the very unstable furan-AcOH 

complex, which lies above the isolated reactants on the free energy scale, the 

dehydration activation span for HPW climbs up to about τσ kcal/mol. This compares 

very unfavorably with the ςφ kcal/mol value on H-BEA. 
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Scheme 2.6: Reaction pathway of the acylation of 2-MF by AcOH over H-BEA via 

the surface acyloxy (C3) intermediate, with the AcOH dehydration H2O 

desorbing upon formation and furan coordination happening after 

dehydration. (Corresponding free energy profile shown in Figure 2.8; 

TS and intermediates geometries shown in Figure A.2 and Figure A.3 

(F), respectively.) 

The microkinetic analysis will allow us to frame this discussion in terms of the 

most dominant pathway for each catalyst, but what transpires so far from the 

computed free energy profiles is that the catalyst that donates its Brønsted proton more 

readily is not necessarily the most efficient one for dehydration of the acylating agent. 

In the zeolite, strong enthalpic stabilization of the organic acid or of the reacting 

AcOH-furan complex compensates for the entropic losses due to confinement. On the 

zeolite, the effective dehydration activation energy is essentially determined by the 

intrinsic energy barrier whereas, on HPW, it is determined by the entropic losses as 

well as the intrinsic barrier. 
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2.5.3.2 Electrophilic Attack  

In H-BEA, the electrophilic attack via the acylium cation is intrinsically fast 

(barrier of ca. ψ kcal/mol, TS2A3,A4 in Figure 2.6; respective geometry in Figure A.2 

(L)) but slower than on HPW (barrier of ς kcal/mol). The resulting Wheland 

intermediate is significantly more stable, however, and its deprotonation requires ρω 

kcal/mol of activations (TS3A3,A4 in Figure 2.6; image of respective geometry in 

Figure A.2 (T)). This is a lot more energetically demanding than on HPW, where we 

computed a value of about χ kcal/mol. These energy values pertain to the pathways 

with the dehydration water remaining in the system until the end of the catalytic cycle. 

Removing this water right after it has formed (C3 in Scheme 2.6) accelerates the 

electrophilic attack by ca. ς kcal/mol, bringing the intrinsic barrier down to φ 

kcal/mol. However, this destabilizes both the Wheland intermediate and the transition 

state of its deprotonation, which now requires ςς kcal/mol of activation energy 

(Figure 2.8, pathway C3). 

2.5.4 Microkinetic Analysis and Dominant Pathways 

Next, we employ microkinetic modelling to analyze the reaction networks and 

determine the dominant reaction pathways on the two catalysts. The models are solved 

at υςσ K, typical reaction temperature in reported experiments with zeolite catalyst. 

The AcOH and 2-MF partial pressures were set at πȢπςτς and πȢππφσ atm, 

respectively, and the kinetics were simulated at 5% 2-MF conversion. All elementary 

steps and corresponding thermodynamic and kinetic parameters are listed in Table A.1 

and Table A.2. 
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Figure 2.8: Free energy profile on H-BEA for the pathway shown in Scheme 2.6. 

(Gibbs energies calculated at T=υςσȢρυ K.) 

2.5.4.1 HPW 

Reaction path analysis on HPW (Figure A.4) predicts that pathway C1 

contributes ωχϷ of the reaction flux. This is the pathway on which water desorbs off 

the catalyst as soon as it forms and prior to furan binding. In fact, sensitivity analysis 

of the reaction network revealed that dissociation of the acylium-water complexðand 

the simultaneous desorption of waterðis the rate-limiting step (Figure A.5). Under the 

modelled reaction conditions, the steady state coverage along the reactor is less than 

πȢρ% in all species (Figure A.6), which is reasonable given the unstable nature of all 

intermediates on HPW. Owing to the low coverage and to the furan adsorption taking 

place after the rate-controlling step, the microkinetic analysis predicts nearly first-

order reaction in the acid (exact value πȢψ) and zeroth-order in the furan (exact value 
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πȢρφ, Figure A.7). Solving the model in the temperature range of τχσ υςσ K 

yielded an apparent activation energy of ρψȢπ kcal/mol (Arrhenius plots shown in 

Figure A.8). 

2.5.4.2 H-BEA 

On H-BEA, ωφϷ of the reactive flux (Figure A.9 (A)) is through the B3 

channel (free energy profile in Figure 2.7); this is the pathway where dehydration of 

the acid takes place in the presence of furan co-adsorbate and the water molecule is 

desorbed at the end of the cycle. So, under the same reaction conditions, the two 

catalysts promote different pathways. The pathway C3 (Scheme 2.6 and energy profile 

in Figure 2.8), which is similar to C1 on HPW and entails water desorption prior to 

furan binding and electrophilic attack, contributes only τ% of the reactive flux. 

Sensitivity analysis of the rate determined that the deprotonation of the Wheland 

intermediate is the rate-limiting step (sensitivity coefficient of πȢψυ, Figure A.10 (A)). 

The apparent activation energy was predicted to be ρφȢσ kcal/mol (Figure A.11 (A)). 

Calculation of the surface coverages showed that ωψ% of the active sites are covered 

with AcOH (Figure A.12 (A)), in stark contrast with HPW. That was expected, 

considering the strong binding of the organic acid to H-BEA. As a result, the reaction 

kinetics is zeroth-order in the organic acid (exact value πȢπυ; Figure A.13 (A)) and 

nearly first-order in the furan (exact value πȢψσ; Figure A.13 (B)) since furan binding 

occurs prior to the rate-limiting step. Interestingly, although H-BEA presents a lower 

apparent activation energy, by ca. ς kcal/mol, the HPW turnover frequency is greater 

by a factor of ρȢυ. 

With regard to the dehydration of the organic acid, when we compare the 

dominant pathways on the two catalysts, C1 for HPW and B3 for H-BEA, at similar 
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reaction conditions, H-BEA presents both the lowest intrinsic barrier and the lowest 

energy span (viz. difference between the transition state and most stable preceding 

intermediate). The reason is quite simply the extra stabilization of the transition state 

by the furan co-adsorbate in H-BEA. We saw similar stabilization on HPW as well, 

but that pathway is kinetically irrelevant due to the significant entropic losses related 

to the binding of the furan. On H-BEA, these losses are compensated by strong 

enthalpic interactions. With regard to the overall performance of H-BEA, however, the 

determining factor is how fast the protonated Wheland intermediate can donate the 

proton back to the active site. 

Our predictions for H-BEA are quite at odds with those of Gumidyala et al.,13 

who reported that the rate of reaction is controlled by the dehydration of the acid. The 

authors explored only the pathway where the acid undergoes dehydration without 

furan co-adsorbate and water desorbs right after formation (viz. our pathway C3). 

However, according to the free energy profile in Figure 2.8, the highest transition state 

corresponds to the deprotonation of the Wheland intermediate. A plausible explanation 

for the lack of agreement is that Gumidyala et al.13 neglected thermal and entropic 

corrections and inferred the slowest step from the electronic energy profile instead. 

Furthermore, working at low surface coverage conditions, the same work reported that 

the reaction follows first-order kinetics in the AcOH and the furan, as opposed to the 

zeroth-order kinetics in the furan predicted by our model. 

To investigate the effect of surface coverages, we lowered the AcOH and 2-

MF partial pressures until we achieved less than πȢρ% surface coverage at ςȢτς

 ρπ  and φȢσ ρπ  atm, respectively (Figure A.12 (B)). Under these conditions, 

ρππ% of the reactive flux happens via pathway C3 (reaction path analysis in Figure 
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A.9 (B)). Furthermore, the deprotonation of the Wheland intermediate does indeed 

remain the rate-limiting step. Under these conditions, the reaction kinetics become 

first-order in both the acid and the furan (Figure A.13 (C) and (D)), in agreement with 

what was reported by Gumidyala et al.13. Furthermore, because the dominant pathway 

changes to the one where water desorbs upon formation, our microkinetic analysis 

predicts water inhibition to the inverse first-power (Figure A.13 (E)). The predicted 

apparent activation energy is σȢχ kcal/mol (Figure A.11 (B)), in very satisfactory 

agreement with the experimental value of υȢψ kcal/mol.12 

2.6 Conclusions 

The Keggin-type phosphotungstic acid catalyst promotes the acylium cation 

mechanism for the direct acylation of 2-MF by AcOH. Water desorption prior to the 

electrophilic attack further destabilizes the already unstable acylium intermediate and 

leads to non-activated electrophilic addition to the furan ring. The dissociation of the 

water-acylium complex is rate limiting. On account of the low surface coverage (less 

than πȢρ%), the reaction follows first-order kinetics in the AcOH and zeroth-order in 

2-MF. 

The acylium cation mechanism is favored on H-BEA as well, but there are two 

related pathways and the coverage conditions determine which one of the two is 

kinetically dominant. At high AcOH coverage, the free energy landscape favors 

dehydration of the acid in the presence of furan co-adsorbate and water desorption at 

the end of the catalytic cycle (pathway B3). At low coverage conditions, similar to 

those on phosphotungstic acid, it is energetically more favorable for the AcOH to 

dehydrate before furan binding takes place and for the produced water molecule to 

desorb prior to the electrophilic addition (pathway C3). In both cases, the reaction rate 
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is controlled by the deprotonation of the Wheland intermediate. On B3, the reaction 

kinetics is first-order in the acid and zeroth-order in the furan; on C3, it is first-order in 

both reactants, in accord with experimental observations. 

With regard to the dehydration of the organic acid, the theoretically stronger 

Brønsted acid catalyst (HPW) is not necessarily the most efficient one. Strong 

enthalpic gains owed to confinement in the zeolitic catalyst can compensate for 

significant adsorption-related entropic losses and as a result the zeolite presents both 

lower intrinsic barrier, by σ kcal/mol, and lower energy span, by φ kcal/mol, than 

HPW. 

Overall, the performance of H-BEA is decided by how fast the protonated 

Wheland intermediate can donate the proton of the substituted carbon back to the 

active site and HPW is predicted to be ρȢυ times as fast as the zeolite. 
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AB INITIO  MOLECULAR DYNAMICS STUDY OF Pd ON ♬-Al 2O3 SURFACE 

3.1 Abstract 

We perform ab initio molecular dynamics (AIMD) free energy simulations to 

investigate the stability and dynamics of dispersed Pd atoms and subnanometer 

clusters on ‎-Al 2O3. We consider nucleation for varying Pd loadings on dry ‎-

Al 2O3(100), dry ‎-Al 2O3(110) and wet ‎-Al 2O3(110) and examine temperature, 

entropy and water coverage effects on the stability and dynamics of Pd clusters. At 

low Pd loading (ρȢπχ Pd atoms/nm2 on the (100) and πȢχυ Pd/nm2 on the (110)), 

association of the Pd atoms is thermodynamically unfavorable on the dry surfaces and 

almost thermoneutral on the wet (110) owing to water blocking of the AlIII  defect sites. 

In agreement with past studies, the Pd atoms are quite mobile but the diffusion free 

energy barriers do not increase with the water coverage, as previously suggested, but 

rather remain similar in magnitude owing to translational entropy at finite 

temperatures. At these Pd loadings, oxidized Pd(II) atoms on the wet (110) surface are 

dispersed and immobile. At higher Pd loading (ρȢρς and ρȢυ Pd atoms/nm2) on the 

(110) surface, Pd3 and Pd4 clusters are thermodynamically very stable and form fast. 

At the ρȢρς Pd atoms/nm2 loading, the formation of the Pd3 cluster is two orders of 

magnitude slower when the surface is hydroxylated as the system becomes somewhat 

trapped before the dinuclear cluster Pd2 collides with a Pd atom. 

Chapter 3 
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3.2 Contributions 

This chapter and Appendix B contain published work1 towards the completion 

of this thesis. Tso-Hsuan Chen performed all the density functional theory 

calculations, ab initio molecular dynamics simulations, and statistical analysis. Dr. 

Stavros Caratzoulas and Prof. Dionisios G. Vlachos provided supervision. This 

chapter and Appendix B were written by Tso-Hsuan Chen. 

3.3 Introdu ction 

Supported palladium (Pd) has been widely used for catalytic applications such 

as automobile exhaust purification, petroleum refining and petrochemical reactions.2ï5 

The ‎-Al 2O3 polymorph, in particular, is one of the most commonly used supports due 

to its large surface area and high porosity.6ï11 Despite the high activity of the Pd/ ‎-

Al 2O3 catalyst, reactions under high temperatures or other extreme conditions often 

lead to deactivation by various mechanisms, including the sintering of metal 

particles,12 the encapsulation of metal particles due to the collapse of the supports,13ï15 

and adverse metal-support interactions.16 The metal particle growth is the most crucial 

and has been extensively studied experimentally and computationally.5,17ï21  

Prior Density-Functional theory (DFT) simulations17 determined the most 

stable binding sites and corresponding adsorption energies of single Pd atoms on 

various ‎-Al 2O3 surface terminations with varying degrees of hydroxylation. They 

also suggested that slower diffusion of Pd on increasingly hydroxylated surfaces 

would impede the formation of large size clusters. Moreover, DFT simulations18 of 

metal-support interactions on the nucleation of Pdn (ὲ ρ υ) clusters have 

suggested that low Pd loading (πȢσχ Pd atoms/nm2) thermodynamically favors Pd 

nucleation on hydrated ‎-Al 2O3(110) while high Pd loading (ςȢρτ Pd/nm2) promotes 
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nucleation on the dehydrated Al2O3(100). This is because the binding energy and the 

diffusion barrier of Pd increase with decreasing Pd coverage on the (100) surface but 

remain unchanged on the hydrated (110) surface. The effects of different aging 

conditions on the Pd dispersion on ‎-Al 2O3 were studied by H2 chemisorption and 

scanning transmission electron microscopy (STEM) measurements19 and demonstrated 

that sintering could be suppressed by exposure to lean (ρφ% of O2) conditions below 

the PdO decomposition temperature (ca. ψυπ K) or in the absence of steam. 

With the evolution of characterization techniques, it has also been suggested 

that Pd coordinated to water/OH or oxidized Pd species are the actual active phase of 

atomically dispersed Pd, which should be less likely to nucleate compared to metallic 

Pd.22ï24 Vedyagin et al.25 used temperature programmed reduction (TPR) and DR UV-

vis spectroscopy and showed that the Pd2+ ions are the dominant phase on ‎-Al 2O3 at 

low Pd loading while the agglomerated PdO phase starts to increase at higher Pd 

loading. The analysis of the spectra also shed light on the change of the local 

environment near the Pd2+ ion due to hydroxylation of the support under different 

aging conditions. Pd(OH)4
2- occurred with aging in humid air while the Pd(H2O)4

2+ 

structure appeared to be more favorable in the reaction mixture for CO oxidation. 

These structures were suggested to stabilize highly dispersed Pd. Goodman et al.26 

looked into the deactivation of the Pd/‎-Al 2O3 catalyst due to decomposition into 

single atoms. Contrary to previous reports which suggested that high temperature 

facilitates metal sintering, Goodman et al.26 proposed that the change of Pd cluster size 

is particle density dependent. HAADF-STEM images and EXAFS spectra 

demonstrated that Pd nanoparticles with sparse particle densities on ‎-Al 2O3 support 

could rapidly decompose into inactive single atoms even after aging at χχυ °C. X-ray 
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photoelectron spectroscopy (XPS) revealed that those dispersed single atoms were 

highly oxidized as the photoelectronôs binding energy was about ρ eV larger than in 

bulk PdO. Clearly, the oxidation state and the coordination environment of Pd under 

reaction conditions are also important factors in Pd nucleation and growth. 

In this paper, we perform ab initio molecular dynamics (AIMD) free energy 

simulations to investigate the stability and dynamics of dispersed Pd atoms and 

subnanometer clusters on ‎-Al 2O3. Our objective is to investigate temperature and 

entropic effects on the stability of Pd clusters and the support conditions that are 

conducive to cluster formation, and thus augment the picture that has emerged from 

past static DFT calculations.17,18 We consider nucleation on dry ‎-Al 2O3(100), dry ‎-

Al 2O3(110) and hydrous ‎-Al 2O3(110) at varying water coverage and Pd loading. 

3.4 METHODS 

3.4.1 Catalyst Model 

The ‎-Al 2O3 model was taken from Digne et al.7,8 The (100) termination 

(Scheme 3.1 (A) was represented by a periodic ς ς, τ-layer slab with unit cell 

parameters a = υȢυσ Å , b = ψȢσσ Å , c = φȢσφ Å , and ‌ = ‍ = ‎ = ωπ°, which was 

padded with a vacuum layer ρυ Å  thick in the z-direction. The (110) termination 

(Scheme 3.1 (B) was represented by a periodic ς ς, τ-layer slab with  unit cell 

parameters a = ψȢσσ Å , b = ψȢπρ Å , c = υȢπ Å , and ‌ = ‍ = ‎ = ωπ°, and the same 

vacuum, layer as above.7 In all the calculations, the top three layers were allowed to 

relax while the bottom layer was fixed. For the υππ K model, the hydrated (110) 

surface contains ρρȢψ OH/nm2 while at ψππ K the OH coverage is υȢω OH/nm2.7,8 For 
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the system that considered oxidized Pd, the H atoms on ‘-O(g) and ‘-O(h) were 

deleted and the oxygen atoms were used as anchoring sites for the Pd atom. 

 

Scheme 3.1: The ρ ρ unit cell of (A) dry ‎-Al 2O3(100) and (B) hydrated ‎-

Al 2O3(110). (H, white; bridging O, red; terminal O, green; Al, blue). 

3.4.2 DFT Calculations 

DFT calculations were performed at the Perdew-Burke-Ernzerhof (PBE) 

theory level using the CP2K software package.27 Dispersion interactions were taken 

into account using the Grimme D3 method and DZVP-MOLOPT-GTH was selected 

as the basis set with plane-wave cutoff of τππ Ry. The core electrons were treated 

with Goedecker-Teter-Hutter (GTH) pseudopotentials and the valence electrons were 

treated with the Gaussian and plane waves (GPW) approach implemented in the 

Quickstep algorithm in CP2K. We imposed a strict convergence criterion of ρ ρπ  

Ha on the self-consistent field (SCF) calculations. For geometric optimization, the 
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conjugate gradients (CG) optimizer was used and all atoms except the bottom layer of 

‎-Al 2O3 slab were allowed to relax. The convergence criterion for the force 

component was set to τȢυ ρπ  Ha/Bohr. 

Bader charge analysis was performed using the Henkelman et al.28 

implementation in the Vienna Ab initio Simulation Package (VASP).29ï32 Spin-

polarized single point calculations were performed at the PBE+D3 theory level.33,34 

The core electrons were modeled with the projector-augmented wave (PAW) method. 

An energy cutoff of τππ eV was used to ensure good convergence of the total 

energies. The Brillouin zone was sampled on (σ σ ρ) k-point grids (ῲ-centered) 

and the SCF cycle was converged to ρ ρπ  eV. 

3.4.3 Ab initio Molecular Dynamics 

The AIMD simulations in the NVT ensemble were performed at the same 

theory level and settings as the static DFT calculations using the CP2K software 

package.27 The temperature was controlled at υππ and ψππ K using a chain of three 

Nosé-Hoover thermostats35 with a time constant of σππ fs. The equations of motion 

were integrated using the velocity Verlet algorithm36 with the time step of ςȢυ fs for 

the dehydrated surfaces and 1 fs for the hydrated surfaces. The SCF convergence 

criteria and energy cutoff were set to ρ ρπ  Ha and τππ Ry, respectively. The 

RATTLE algorithm37 was applied to constrain the bottom layer of the ‎-Al 2O3 slab. 

3.4.3.1 Thermodynamic Integration 

The thermodynamic integration method38 was used to construct free energy 

profiles for Pd2 nucleation using the Pd-Pd distance, Ὠ, as an order parameter. The free 
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energy difference between two configurations corresponding to the collective variable 

values d0 and d1 is given by Eq. 3.1: 

ЎὊὨȟὨ ᷿ ὨὨ                                                                                 (3.1) 

where  is the force required to constrain the reaction coordinate in the MD 

simulations. σπ (for ‎-Al 2O3(100) surfaces) and ςχ (for ‎-Al 2O3(110) surfaces) 

simulation windows were used along Ὠ. The constraint on the Pd-Pd bond was applied 

using the RATTLE algorithm. Each window consisted of trajectories ρπ ps long (ς ps 

equilibration and ψ ps production). The sufficiency of the ρπ-ps sampling was 

assessed and confirmed by the Mann-Kendall test39 (Table B.1) and block averaging 

analysis of the standard error in the constraint force40 (Figure B.1); detailed analysis in 

Section B.1 of the Appendix B. 

3.4.3.2 Metadynamics 

The well-tempered metadynamics (WT-MTD)41 algorithm was used to 

compute the free energy surface (FES) of the nucleation of Pdn (ὲ σ τ) clusters. 

The Pd-Pd coordination number was used as a collective variable. The coordination 

number (ὅὔ ) in this study was defined as: 

ὅὔ  В В                                                                                   (3.2) 

where ὶ  is the interatomic distance, ὔ  is the number of atoms, and the reference 

distance ὶ was set to σȢψπ Å . The exponent parameters ὲ and ά were set to ψ and ρτ, 

respectively. The width and initial height of the Gaussian hills were set to πȢπς and 

πȢωτ kcal/mol, respectively. A Gaussian hill was spawned every ςυπ fs and the overall 
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sampling time was ςȢυ ns for Pd3 and υ ns for Pd4 nucleation. The bias factor ɝὝ

ὝȾὝ was set to ςπ in this work. 

3.5 Results and Discussion 

3.5.1 Nucleation of Pd2 on -Al 2O3 

Figures 3.1 (A) and (B) show the free energy profiles for the nucleation of Pd2 

on dry ‎-Al 2O3(100), dry ‎-Al 2O3(110), and hydrated ‎-Al 2O3(110), at υππ and ψππ 

K. Two Pd atoms per unit cell correspond to loading of ρȢπχ Pd atoms/nm2 on the 

(100) surface and πȢχυ Pd/nm2 on the (110). 

 

Figure 3.1: Free energy profiles for Pd2 nucleation over ‎-Al 2O3 surfaces at (A) υππ 
K and (B) ψππ K. 

By the nucleation free energy, ɝὊ, with respect to isolated Pd atoms on the 

surface, Pd2 is thermodynamically unfavorable on the dry surfaces, regardless of the 

temperature. On dry ‎-Al 2O3(100), ɝὊ ρσȢσ and ρτȢρ kcal/mol at υππ K and 
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ψππ K, respectively. In the dispersed state corresponding to Ὠ ψȢτ Å , the Pd atoms 

bind strongly to the bridge position between the penta-coordinate AlV(5) and tri-

coordinate ‘-O(d) sites as suggested by DFT calculations as well17 (see also Figure 

B.2 (A) in the Appendix B). The free energy change profile, ɝὊὨ, shows an early 

diffusion barrier in the range of ɝὊɗ ρχ kcal/mol at υππ K and ɝὊɗ ρυ kcal/mol 

at ψππ K at Ὠ χȢπ Å , which is followed by a deep well at Ὠ υȢτ Å ; these barriers 

correspond to diffusion time scales ca. ρπ ɛs and ρ ns, respectively. These diffusion 

free energy barriers are about twice as high as the potential energy barriers estimated 

from static DFT calculations.17 Nevertheless, they are still low enough to suggest that 

the Pd atoms are quite mobile on the (100) surface. If we assume that the Pd 

desorption activation energy is the same as the Pd desorption energy of about 

σς kcal/mol,17 which yields an estimated Pd desorption temperature of τφυ K (at a 

typical heating rate of υ K/min),17 then we see that diffusion across the surface and 

nucleation are kinetically preferred to the desorption of the atomically dispersed Pd 

atoms. In the well at Ὠ υȢτ Å , the Pd atoms bind to neighboring AlV sites; one of the 

Pd atoms is coordinated to the AlV(5)ï‘-O(d) bridge while the other is coordinated to 

the AlV(5)ï‘-O(e) bridge (see Figure B.2 (B)). Escaping from the well at Ὠ υȢτ Å  

towards the dinuclear Pd cluster is energetically more demanding as the free energy 

barrier at Ὠ τȢσ Å  is ɝὊɗ  ςφȢς and ρωȢσ kcal/mol high at υππ K and ψππ K, 

respectively. 
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Table 3.1: Binding energy and desorption temperature of Pd on ‎-Al 2O3. The 

binding energy, Ὁ, is defined as the energy of the Pd atom in the gas 

phase relative to its energy on the surface. The desorption temperature, 

Ὕ , is obtain from Redhead analysis (see text). 

Surface State Site ἏἪ (kcal/mol) ἢἬἭἻ (K)  

Dry (100) AlV(5)ï‘-O(d) σςȢσ τφσȢω 
Dry (110) Al lll (7)ï‘-Os(e) τυȢς φτσȢτ 

Hydrated (110)-υππ K Al IV(8)ï‘-Os(e) σωȢτ υφςȢψ 
Hydrated (110)-ψππ K Al IV(8)ï‘-Os(f) τρȢω υωψȢς 

On the dry ‎-Al 2O3 (110) model, ɝὊ ω and φȢπ kcal/mol at υππ K and 

ψππ K, respectively, for Pd2 nucleation. In Figure 3.2 (A), we show the coordination 

environment of Pd on dry ‎-Al 2O3(110) by plotting the pair distribution functions 

(Ὣ ὶ) for the atom pairs Pd-Al and Pd-surface O (Os). The sharp peak at ὶ ςȢυ Å 

in the  Ὣ ὶ distribution (black line) shows the strong coordination of Pd to the 

undercoordinated Allll (7) site. The weaker and broader peak at ὶ ςȢσ Å  in Ὣ ὶ 

(red line) indicates a looser coordination to the neighboring ‘-Os(e) site. Structurally, 

the ɝὊὨ profile for the dry (110) surface is quite different from that for the (100) 

surface, indicating differences in the dynamical behavior of the Pd atoms. The deep 

well at Ὠ υȢτ Å  has been replaced by a very shallow one at Ὠ υ Å  and the highest 

free energy barrier to the association of the two Pd atoms is a diffusion barrier  ɝὊɗ

ρυ kcal/mol high at Ὠ φ Å , at both υππ and ψππ K; the corresponding time scales 

are ca. ρ ɛs and ρ ns, respectively. At the PBE+D3 theory level, we estimate that the 

Pd binding energy (energy of Pd in the gas phase relative to the energy on the surface) 

is τυȢς kcal/mol (see Table 3.1), which would correspond to a desorption 

temperature of φτσ Kðmuch higher than for the (100) surface. Thus, we see again 

that although the Pd atoms do not associate, they remain mobile. 
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Figure 3.2: The pair distribution function between Pd and (A) the closest Al and O 

on dry and hydrated ‎-Al 2O3(110), (B) terminal hydroxyl groups on 

hydrated ‎-Al 2O3(110), (C) H atom on hydrated ‎-Al 2O3(110) at υππ K. 

For the hydrated ‎-Al 2O3(110), the OH surface coverage changes with 

temperature; the OH coverage is ρρȢψ OH/nm2 at υππ K and υȢω OH//nm2 at ψππ K. 

On the hydrated ‎-Al 2O3 (110), Pd2 nucleation is nearly thermoneutral, with ɝὊ σ 

kcal/mol at υππ K and ψππ K. Figure 3.2 shows the corresponding pair distribution 

functions for the atom pairs Pd-Al, Pd-surface O (Os), Pd-terminal O (Ot) and Pd-H. 

The Ὣ ὶ (blue line) and Ὣ ὶ (green) in Figure 3.2 (A) show that, due to 

the blocking of the Allll  sites by OH groups, the most favorable binding site for Pd 

shifts to the vicinity of the AlIV(8) and ‘-Os(e) sites, with average distances of ςȢυ 

and ςȢω Å ; see also Figure B.3 (A) for similar changes in the Pd coordination at ψππ 

K, at which the Pd-Al IV(8) and Pd-‘ -Os(f) bonds are ςȢυ and σȢσ Å  long. By 

comparing with the dry (110), we see that these new interactions are weaker, 

especially the coordination to the ‘-Os(e) site. On the wet surface, the Pd atoms 

interact with the Ot atoms of the terminal hydroxyl groups. Figure 3.2 (B) and Figure 

B.3 (B) show the Ὣ ὶ at υππ and ψππ K. The blue line represents the Ὣ ὶ 

over the entire trajectory and the black and red lines represent the conditional 



 55 

distributions Ὣ ὶȿὨ ψȢρ B  and Ὣ ὶȿὨ ςȢφ B  in the dispersed and 

associated states, respectively. At υππ K (Figure 3.2 (B), the sharp peak at ὶ ς Å  

indicates a strong correlation between Pd and Ot which, however, diminishes when the 

Pd atoms associate with each other. At ψππ K (Figure B.3 (B)), the first coordination 

sphere of Pd in Ὣ ὶ (both average and conditional) is more flexible as there is 

less water on the surface and thus fewer Ot atoms in the vicinity of the Pd atoms, 

resulting in the Pd atoms having greater freedom of movement. Indeed, by integrating 

Ὣ ὶȿὨ ψȢρ B and Ὣ ὶȿὨ ςȢφ B over their respective first coordination 

spheres, we find ς Pd-Ot bonds at υππ K (πȢως at ψππ K) per Pd atom for 

Ὣ ὶȿὨ ψȢρ B  and only ρ Pd-Ot bond at υππ K ( πȢτς at ψππ K) for 

Ὣ ὶȿὨ ςȢφ B. Taken together, on the wet (110) surface, the Pd atoms lose 

their strong interactions with AlIII-O bridges while the interactions with AlIV atoms 

and the Ot atoms of the OH groups seem to only partially compensate for that loss and 

this, overall, destabilizes the dispersed state more than the associated one. Thus, 

although the formation of the Pd2 cluster remains thermodynamically unfavorable, it is 

significantly less so on the wet (110) than on the dry (100) and dry (110). 

According to the ɝὊὨ profiles, the barrier for the Pd2 formation is in the 

range of ɝὊɗ ρςȢυ kcal/mol at υππ and ψππ K, slightly lower than on the dry (110). 

At υππ K (high OH coverage), the estimated Pd desorption energy from the surface is 

σωȢτ kcal/mol while, at ψππ K (low OH coverage), it is τρȢω kcal/mol. In 

comparison, the binding energy is τυȢς kcal/mol on the dry (110). Based on 

Redheadôs analysis,42 the Pd desorption temperatures are υφσ K at high OH coverage 

and υωψ K at low OH coverage. Thus, desorption is very slow and, once again, the Pd 

atoms exhibit mobility on the hydrated surface, which increases, to some extent, when 
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the surface is hydrated. It is worth noting that because at high OH coverage (υππ K) 

there is more water that must move out of the way, the Pd diffusion barrier appears at 

Ὠ φ Å  whereas, at low OH coverage (ψππ K), the barrier appears at a significantly 

shorter Pd-Pd separation, Ὠ τȢς Å . To see that, in Figure B.4, we show the 

conditional average Pd-Ot separation ὶὨ ḳ ÍÉÎὶ ȿὨ , namely the distance 

between a Pd atom and the nearest terminal oxygen atom (Ot), as a function of Ὠ. 

From Figure B.4 (A), as the two Pd atoms (green line; high OH coverage) are moving 

towards each other, ὶὨ  increases by ca. πȢφ Å  in the region Ὠ ψ Å  to 5.5 Å , 

namely in the region where the barrier in ɝὊὨ appears. At lower OH coverage (ψππ 

K), ὶὨ is on average longer and increases more gradually, tracking the behavior of 

ɝὊὨ. 

Using static DFT simulations to map out the potential energy of a Pd atom on 

the hydrous and anhydrous ‎-Al 2O3(110) and to trace the minimum energy ñdiffusionò 

paths in the x- or y-direction across the surface, previous work has estimated that the 

Pd diffusion barriers increase by ca. ψ or ρχ kcal/mol, depending on the direction of 

the path, when the surface is hydrated. Our simulations, however, show that the 

diffusion barrier decreases, albeit not by much, or remains about the same upon 

hydration. As can be seen from Figure B.5 where we plot the projection of the Pd 

trajectories on the surface plane, the Pd atoms do not move in a single direction, as 

they scatter off surface atoms or become trapped in favorable coordination 

environments before they escape again. Evidently, as more states are available to the 

system at finite temperatures (translational entropy), the actual Pd diffusion 

trajectories on the dry and wet surfaces encounter similar free energy barriers. At the 

low Pd loading of πȢχυ Pd/nm2 and for the OH coverages considered here, the wet 
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surface does not impede the diffusion of Pd across the surface any more than the dry 

surface does. 

 

Figure 3.3: Potentials of mean force between two Pd(II) particles on hydrated ‎-

Al 2O3(110) at υππ and ψππ K. 

On the hydrated (110) at υππ K, our simulations also show hydrogen migration 

from the surface hydroxyls to the Pd atoms, confirming the previously suggested 

reverse hydrogen spillover to Pd. Figure 3.2 (C) shows the Ὣ ὶ (blue line) on the 

hydrated (110) surface. The peak at ςȢτ Å  indicates loose Pd-H coordination. 

However, the sharp peak at ρȢφ Å  in the conditional Ὣ ὶȿὨ ςȢφ B (red line) 

shows strong Pd-H correlation, which is absent from the conditional Ὣ ὶȿὨ

ψ B (black line). At low water coverage corresponding to ψππ K, on the other hand, 
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the Ὣ ὶ (Figure B.3 (C)) do not suggest H migration from surface hydroxyls to 

the Pd atoms, which was also confirmed by visual inspection of the trajectories. Taken 

together, H migration to Pd mainly occurs when the Pd atoms are in proximity and not 

as much when they are dispersed, and only at high water coverages. 

As it has been suggested that Pd atoms under oxygen-rich (oxidized) condition 

are more dispersed than under hydrogen-rich (reduced) conditions,19 we also 

calculated the potential of mean force for the association of two Pd(II) atoms on wet 

‎-Al 2O3(110) at υππ and ψππ K (Figure 3.3). In the υππ K simulation, the Pd(II) 

atoms are anchored to the deprotonated ‘-O(g) and ‘-O(e) atoms. In the ψππ K 

simulation, the Pd(II) atoms are coordinated to the deprotonated ‘-O(g) and ‘-O(h) 

atoms. Clearly, with ЎὊ values of ca. υυ kcal/mol at υππ K and συ kcal/mol at ψππ 

K, the association of the Pd(II) atoms is highly unfavorable. (Detailed analysis in 

Section B.3 in the Appendix B.) 

3.5.2 Nucleation of Pdn (▪ ) on ♬-Al 2O3 

In this section, we investigate the effect of Pd loading on the nucleation and 

stability of Pdn clusters for ὲ σ τ. To that end, we performed metadynamics-MD 

free energy simulations with the Pd-Pd coordination number (ὅὔ) as an order 

parameter. The black line in Figure 4 (A) corresponds to the free energy profile for σ 

Pd atoms/unit cell on dry ɾ-Al 2O3(110) (ρȢρς Pd/nm2 loading). The theoretical values 

ὅὔ πȢφχ and ὅὔ ς  correspond, respectively, to a Pd2 cluster and an isolated Pd 

atom, and to the Pd3 cluster. The latter, trigonal in shape (Figure B.6 (A)), is the most 

stable state, with ɝὊ τπ kcal/mol, and is kinetically readily accessible as the 

system has to overcome a free energy barrier of about χ kcal/mol (ns time scale) with 

respect to the dispersed state at ὅὔ π. The local free energy minimum at ὅὔ ρ 
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(ɝὊ σπ kcal/mol) suggests the intuitively reasonable conclusion that dynamically 

the formation of Pd3 proceeds gradually through the dinuclear cluster as it is quite 

unlikely that three atoms would move in unison to collide and form the larger cluster. 

Note that there is a shallow barrier separating the two states at ὅὔ ρ and ὅὔ ς. 

The red line in Figure 3.4 (A) corresponds to the free energy profile for τ Pd 

atoms/unit cell on dry ɾ-Al 2O3(110) (ρȢυ Pd/nm2 loading). The theoretical values 

ὅὔ πȢυ, ρȢυ  and σ correspond, respectively, to a Pd2 cluster and two isolated Pd 

atoms, to a Pd3 cluster and a Pd atom far away, and to the Pd4 cluster. The latter has 

tetrahedral geometry (Figure B.6 (B)) and is the most stable state with ɝὊ ωτ 

kcal/mol. The local minima at ὅὔ πȢχ (Pd2 cluster and a Pd atom in the vicinity) 

and at ὅὔ ς are again suggestive of the gradual particle growth dynamics. At this 

high Pd loading, the nucleation process leading to the Pd2 state is non-activated as 

there is no barrier separating the dispersed state and the local minimum at ὅὔ πȢχ. 

There are two relatively low free energy barriers, ca. ρυ and ρπ kcal/mol high, 

separating the successive free energy wells. Taken together, at Pd loadings higher than 

πȢχυ Pd/nm2 on dry ɾ-Al 2O3(110), cluster formation is fast and increasingly exergonic 

with Pd loading. 

Figure 3.4 (B) shows the free energy profile for σ Pd atoms/unit cell on wet ɾ-

Al 2O3(110) for water coverage corresponding to υππ K. A couple of observations are 

in order. First, the general features of the free energy profile are very similar to those 

for dry ɾ-Al 2O3(110) at the same Pd loading (Figure 3.4 (A), black line). A notable 

difference is that the ca. ρσ kcal/mol barrier to escape from the local minimum at 

ὅὔ πȢχ (Pd2 and an isolated Pd atom) is about twice as high as that on the dry 

surface (ca. χ kcal/mol). This difference translates to two orders of magnitude change 
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in the rate of formation at υππ K. It is an indication that surface hydration can retard 

cluster formation as the Pd loading increases. Unfortunately, calculations for τ Pd 

atoms/unit cell at the same surface hydration turned out to be prohibitively demanding 

of our computational resources. Second, at the σ Pd atoms/unit cell loading, the 

nucleation free energy does not vary with the degree of surface hydration; ɝὊ τπ 

kcal/mol on both the dry and wet ɾ-Al 2O3(110). 

 

Figure 3.4: Nucleation free energy profile of (A) Pd3 and Pd4 on dry ‎-Al 2O3(110) 

and (B) Pd3 on hydrated ‎-Al 2O3(110) at υππ K. 

3.6 Conclusions 

To summarize, we have performed AIMD free energy simulations of the 

formation of subnanometer clusters of Pd on dry ɾ-Al 2O3(100), dry ɾ-Al 2O3(110) and 

wet ɾ-Al 2O3(110) (water coverages corresponding to υππ and ψππ K) at varying Pd 

loading. 
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At low Pd loading, corresponding to ρȢπχ Pd atoms/nm2 on the (100) and πȢχυ 

Pd/nm2 on the (110) in these simulations, association of the Pd atoms is 

thermodynamically unfavorable on the dry surfacesðmore so on the (100) than on the 

(110)ðand almost thermoneutral on the wet (110) owing to water blocking of the AlIII  

defect sites (preferred coordination sites of dispersed Pd atoms), at both hydration 

coverages considered. The Pd atoms are quite mobile, and on the (110) the diffusion 

free energy barriers do not increase with the water coverage, as previously suggested 

by static DFT calculations, but rather remain similar in magnitude. Evidently, as more 

states are available to the system at finite temperatures (translational entropy), the Pd 

atoms follow less energetically demanding diffusion trajectories. At the low Pd 

loading of πȢχυ Pd/nm2 and for the OH coverages considered here, the wet surface 

does not impede the diffusion of Pd across the surface any more than the dry surface 

does. At the same Pd loading, oxidized Pd(II) atoms on the wet (110) surface are 

dispersed and immobile, in agreement with findings by Chen et al.,19 who 

demonstrated that sintering could be suppressed by exposure to oxidizing conditions 

below the PdO decomposition temperature or in the absence of steam. 

At higher Pd loading of the (110) surface, corresponding to ρȢρς and ρȢυ Pd 

atoms/nm2 in the simulations, formation of clusters (Pd3 and Pd4, respectively) is 

thermodynamically very favorable and, in contrast with what has been previously 

assumed, kinetically fast. At the ρȢρς Pd atoms/nm2 loading, the simulations indicated 

that the formation of the Pd3 cluster is two orders of magnitude slower when the 

surface is hydroxylated at υππ K (high water coverage)ðbut still fastðas the system 

becomes somewhat trapped before the dinuclear cluster collides with a Pd atom. 
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We should close by noting that these simulations are not cheap, but as the 

catalysis community begins to realize that the dynamics of surfaces and active sites is 

a concept that so far has been overlooked, we believe that the insights one gains from 

these simulations can compensate for the extra computational effort. 
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AB INITIO  MOLECULAR DYNAMICS STUDY OF Pt CLUSTERING ON ♬-

Al 2O3 AND Sn-MODIFIED ♬-Al 2O3 

4.1 Abstract 

We have conducted AIMD free energy simulations to examine the dynamics of 

Pt atoms and Ptn (ὲ ς σ) species on dry ‎-Al 2O3(100), dry ‎-Al 2O3(110), and wet 

‎-Al 2O3(110) surfaces, with OH coverages corresponding to υππ K (ρρȢψ OH/nm2) 

and ψππ K (υȢω OH/nm2), while varying the Pt and Sn loading. Under the same dry 

conditions and temperature, comparing the (100) and (110) surface terminations 

revealed that the interactions between Pt and the surface play a crucial role in 

determining whether the potential of mean force between reduced Pt atoms is 

repulsive, as observed on the (100) surface, or if it can support a bound Pt-Pt state, as 

observed on the (110) surface. The hydration of the (110) surface has a significant 

impact. At a Pt loading of ρȢπχ Pt/nm2, with hydration of υȢω OH/nm2, the energy of 

the potential of mean force increases. Although a Pt-Pt bound state is still supported, it 

becomes kinetically less accessible from the dispersed state. At even higher water 

loading of ρρȢψ OH/nm2, the Pt-Pt potential of mean force becomes predominantly 

repulsive and can no longer sustain the Pt-Pt bound state. Higher Pt loadings of ρȢρς 

Pt atoms/nm2 promote the aggregation of Pt into progressively larger clusters, but high 

levels of hydration can kinetically impede particle growth. On Sn-modified ‎-

Al 2O3(110), Pt tends to associate with Sn, except at high levels of surface hydration 

where the potential of mean force between Pt and Sn atoms becomes repulsive. The 

Chapter 4 
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presence of Sn inhibits the aggregation of Pt particles, and the Pt-Pt potential of mean 

force becomes increasingly repulsive with higher Sn loading. 

4.2 Contributions 

This chapter and Appendix C contain published work1 towards the completion 

of this thesis. Tso-Hsuan Chen performed all the density functional theory 

calculations, ab initio molecular dynamics simulations, and statistical analysis. Dr. 

Stavros Caratzoulas and Prof. Dionisios G. Vlachos provided supervision. This 

chapter and Appendix C were written by Tso-Hsuan Chen. 

4.3 Introduction  

Supported single atom (SA) catalysts (SACs) are garnering attention owing to 

the reduced usage of precious metals and exceptional activity for various chemical 

reactions.2ï11 Yet, questions about the stability and dynamics of isolated metal atoms 

and about the growth of metal particles under reaction conditions remain.12ï16 

Understanding the factors influencing aggregation of atomically dispersed metal atoms 

on supports is critical to designing dispersed catalysts. 

Various methods have been explored to maintain a high dispersion of metal 

atoms on supports. Fan et al.17 studied the effect of surface hydroxyls on the 

redispersion of Ag nanoparticles and on the anchoring and migration of Ag atoms 

using in situ X-ray diffraction, UV-visible spectroscopy and ex situ X-ray 

photoelectron spectroscopy. They concluded that the higher the OH surface coverage, 

the better the dispersion of the metal atoms and the higher the dispersion rate. The 

impact of hydroxylation and chlorination on the stability of Ptn (ὲ ρσ) clusters on ‎-

Al 2O3(110) has been investigated through density-functional theory (DFT) 
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simulations.18,19 The migration of chlorine species towards Pt induces strong binding 

of the Pt atom with the unsaturated AlIII  atom, effectively limiting sintering. On the 

hydrated surface, hydrogen atoms of the Al-O(H)-Al bridging sites (from water 

dissociation) could also migrate to Pt and stabilize the Ptn clusters owing to additional 

interactions between the clusters and the surface oxygen atoms. Similar stabilization 

mechanisms by H migration were also reported by Liu et al. and Hu et al.20ï23 

Oxidizing the Pt atoms is an alternative approach to stabilizing atomically 

dispersed Pt atoms. Dessal et al.24 utilized scanning transmission electron microscopy 

(STEM) and DFT calculations to investigate the dispersion of Pt atoms on ‎-Al 2O3. Pt 

atoms are stable and immobile in an oxygen-rich atmosphere, owing to strong Pt-O-Al 

bonding; in situ and operando X-ray adsorption spectroscopy (XAS) confirmed that Pt 

is ς or τ.25 In contrast, under an hydrogen-rich environment, metallic Pt atoms 

tend to aggregate into mobile subnanometer clusters upon the formation of Pt-H 

bonds, as the metal-support interaction is diminished. Clearly, the oxidation state of Pt 

atoms and the anchoring by surface oxygen atoms are key factors for stabilizing Pt 

atoms on ‎-Al 2O3. 

The regeneration of highly dispersed Pt catalysts on ‎-Al 2O3 surfaces has also 

been observed in the presence of promoter atoms such as Sn and Ga.26,27 Pham et al.28 

used high-angle annular dark field scanning transmission electron microscopy 

(HAADF-STEM) and kinetic studies to elucidate the effect of Sn on Pt dispersion and 

the mechanism of Pt-Sn/‎-Al 2O3 regeneration. Sn atoms can serve as nucleation sites 

that anchor and redisperse Pt clusters. Without Sn, the redispersion of Pt was 

challenging and the catalytic activity for propane dehydrogenation could not be fully 

restored. Additionally, Zhu et al.29 showed that Pt-Sn2 clusters were more dispersed 
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and sinter-resistant when supported on mesoporous Al2O3 with a high concentration of 

pentacoordinate Al(III) sites, highlighting the role of strong binding sites and of 

surface termination. 

Prior DFT studies have provided valuable insights into the thermodynamic 

stability of Pt atoms on alumina. The present article is meant to complement those 

studies and provide insights into the dynamics and time scales of Pt nucleation or 

dispersion. We perform ab initio molecular dynamics (AIMD) free energy simulations 

of Pt atoms on ‎-Al 2O3 under different conditions and investigate the role of several 

factors such as surface termination, temperature, surface hydration, Pt loading and 

oxidation state, and surface modification by Sn atoms. 

4.4 Methods 

4.4.1 Catalyst Model 

The Digneôs slab models of ‎-Al 2O3 were used.30,31 For the ‎-Al 2O3(100) 

surface (Scheme 4.1 (A)), a periodic ς ς, τ-layer slab was used, with a vacuum 

layer ρυ Å  thick in the z-direction. The unit cell parameters were a = υȢυσ Å , b = ψȢσσ 

Å , c = φȢσφ Å , and ‌ = ‍ = ‎ = ωπ°. The (110) termination (Scheme 4.1 (B)) was 

represented by a periodic ς ς, τ-layer slab with unit cell parameters a = ψȢσσ Å , b = 

ψȢπρ Å , c = υȢπ Å , and ‌ = ‍ = ‎ = ωπ°, and the same vacuum layer as the (100) 

termination. For the hydrated (110) model, the surface contains ρρȢψ OH/nm2 at υππ 

K (Scheme 4.1 (C)) and υȢω OH/nm2 at ψππ K (Scheme 4.1 (D)).30 For oxidized Pt2+, 

the H atoms on ‘-O(g) and ‘-O(h) were removed, and the deprotonated O atoms 

acted as anchoring sites for Pt atoms. In all calculations, the bottom layer of the slab 

was fixed and the top three layers were allowed to relax. 
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Scheme 4.1: The ρ ρ unit cell of (A) dry ‎-Al 2O3(100), (B) dry ‎-Al 2O3(110), (C) 

hydrated ‎-Al 2O3(110) with ρρȢψ OH/nm2, and (D) hydrated ‎-

Al 2O3(110) with υȢω OH/nm2. The Al atoms are labeled with numbers 

and the O atoms are lebeled with alphabets. (H, white; bridging O, red; 

terminal O, green; Al, blue). 
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4.4.2 Ab initio Molecular Dynamics 

The AIMD simulations were carried out in the canonical (NVT) ensemble at 

υππ K and ψππ K, using a chain of three Nosé-Hoover thermostats32 with a relaxation 

time of σππ fs. All calculations were performed at the Perdew-Burke-Ernzerhof 

(PBE)33 theory level and included the dispersion forces with Grimme D3 corrections34 

using the CP2K software.35 The DZVP-MOLOPT-GTH basis set was used with a 

plane-wave cutoff of τππ Ry. The core electrons were treated with the Goedecker-

Teter-Hutter (GTH) pseudopotentials, and the valence electrons were treated with the 

Gaussian and plane waves (GPW) approach. The self-consistent field (SCF) 

calculations were converged to ρ ρπ  Ha. The equations of motion were integrated 

using the Velocity Verlet algorithm36 with the time step of ςȢυ fs for the dry surfaces 

and ρ fs for the hydrated surfaces. The SCF cycles were converged to ρ ρπ  eV 

and the energy cutoff was set to τππ Ry. 

Thermodynamic integration (TI) free energy calculations37 were performed 

using the Pt-Pt interatomic distance (Ὠ) as the collective variable. The free energy 

difference between the two configurations corresponding to the reaction coordinate 

values of Ὠ and Ὠ was calculated using Eq. (4.1): 

ЎὊὨȟὨ ᷿ ὨὨ                                                                                 (4.1) 

where  is the force required to enforce the constraint of the reaction 

coordinate in the MD simulations. ςψ simulation windows were used along Ὠ and the 

constraint of Pt-Pt bond was employed using the RATTLE algorithm.38 Each window 

consisted of trajectories of ρπ ps long (ς ps equilibration and ψ ps production) to 

ensure sufficient sampling. 
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For the well-tempered metadynamics (WT-MTD) free energy calculations,39 

the Pt-Pt coordination number was selected as the collective variable. The 

coordination number ὅὔ  was defined using Eq. (4.2): 

ὅὔ  В В                                                                                    (4.2) 

where ὶ  is the interatomic distance and the reference distance ὶ is set to σȢψ Å . 

The exponents ὲ and ά were set to ψ and ρτ, respectively. The width of the Gaussian 

bias potentials was set to πȢπυ and the initial height was set to πȢωτ kcal/mol. New 

Gaussian hills were spawned every ςυπ fs, and the calculations were terminated after 

ρπ recrossing events of the transition states. The bias factor, ɝὝ ὝȾὝ, was set to 

ςπ. 

4.4.3 Density Functional Theory Calculations 

DFT calculations were performed at the PBE33 theory level with a D3 

dispersion correction of Grimme et al.34 using the CP2K software package.35 The 

DZVP-MOLOPT-GTH basis set was used with a plane-wave cutoff of τππ Ry. The 

core electrons were treated with the GTH pseudopotentials, and the valence electrons 

were treated with the GPW approach implemented in the CP2K package. The SCF 

calculations were converged to ρ ρπ  Ha, and the geometric optimizations were 

performed using the conjugate gradients (CG) optimizer. The forces were converged 

to τȢυ ρπ  Ha/Bohr. 

Bader charge analysis was performed using the Henkelman et al.40 

implementation in the Vienna Ab initio Simulation Package (VASP).41ï44 The spin-

polarized single point calculations were also performed at the PBE+D3 (zero 

damping) theory level.33,34 The projector-augmented wave (PAW) method was used to 
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model the core electrons. For all structures, an energy cutoff of τππ eV was applied. 

The Brillouin zone was sampled on a (σ σ ρ) k-point grid (ῲ-centered), and the 

SCF iterations were converged to ρ ρπ  eV. 

4.5 Results and Discussion 

4.5.1 Pt2 Nucleation on ♬-Al 2O3 

 

Figure 4.1: Free energy profiles for Pt2 nucleation on dry ‎-Al 2O3(100), dry ‎-

Al 2O3(110), and hydrated ‎-Al 2O3(110) at (A) υππ K and (B) ψππ K. 

As reference, we first consider the association of ς Pt atoms on dry ‎-

Al 2O3(100) (ρȢπχ Pt/nm2 loading), dry ‎-Al 2O3(110) (πȢχυ Pt/nm2 loading), and 

hydrated ‎-Al 2O3(110) (πȢχυ Pt/nm2 loading), at υππ and ψππ K. Figures 4.1 (A) and 

(B) show the potentials of mean force between the two Pt atoms as a function of their 

separation Ὠ (the theromodynamic intergration variable). 
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Nucleation on dry (100) is unfavorable at both temperatures as the respective 

potentials of mean force are basically repulsive at short distances Ὠ. In Figure 4.2 (A) 

and (B), we show the unbiased probability density ὴ ὼȟώ to find a Pt atom at (ὼȟώ 

on the surface, at υππ and ψππ K; the distribution is superposed on the image of the 

surface for ready reference to the surface atoms. Evidently, the stability of the 

dispersed state on dry (100) is owed to the coordination of the Pt atoms to the bridge 

between the pentacoordinate AlV(5) and the ‘ -O(c) atoms. It seems that such 

coordination is critical to the stabilization of the dispersed state. When the two Pt 

atoms are constrained to remain close to each other (Ὠ ςȢφ B, one of the two Pt 

atoms is coordinating to an AlV site while the other one to a tetracoordinate AlIV(2) 

site, as can been seen from the conditional distribution ὴ ὼȟώȿὨ ςȢφ B in Figure 

C.1. 

The profiles ɝὊὨ indicate that there is a metastable state at Ὠ υȢτ Å . This 

state is separated by the stable state at Ὠ ψȢυ Å  by barriers in the range of σσ 

kcal/mol, which amount to lifetimes of ca. ςφ s and φρ ɛs, at υππ K and ψππ K, 

respectively. In the metastable well at Ὠ υȢτ Å , the coordination of the Pt atoms is 

similar to the stable state Ὠ ψȢυ: one Pt atom binds to the AlV(5) and the ‘-O(d) 

while the other binds to the AlV(5)-‘-O(f) bridge (see the conditional distribution 

ὴ ὼȟώȿὨ υȢτ B  in Figure C.2). At the PBE+D3 theory level, the Pt binding 

energy (energy of Pt in the gas phase referenced to its energy on the surface) is φχȢχ 

kcal/mol (see Table 4.1). Assuming that the Pt desorption activation energy equals the 

Pt desorption energy, Redheadôs analysis45 predicts a desorption temperature of ωυτ K 

(at a heating rate of υ K/min), that is, Pt desorption from the dry (100) surface is very 

slow relative to diffusion across the surface. 
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Figure 4.2: Probability density ὴ ὼȟώ to find a Pt atom at ὼȟώ, superposed on 

dry ‎-Al 2O3: (A) (100) at υππ K; (B) (100) at ψππ K; (C) (110) at υππ 
K; and (D) (110) at ψππ K. 

Turning to the (110) termination in the absence of surface water, the formation 

of Pt2 is slightly endergonic, with ɝὊ χ and φ kcal/mol at υππ and ψππ K, 

respectively. The unbiased distribution ὴ ὼȟώ in Figures 4.2 (C) and (D) suggests 

that the most favorable binding site for Pt is in the vicinity of the undercoordinated 

Al III(7) and the ‘-O(e), which agrees with prior DFT calculations of the most stable 

Pt1/‎-Al 2O3(110) configuration.46 However, the association of the two atoms is slow 
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as the free energy barrier is high, ɝὊɗ τπ kcal/mol and σψ kcal/mol at υππ and ψππ 

K, respectively. These free energy barriers translate, respectively, to lifetimes of ςψ

ρπ s and υ ms for the dispersed state. The lifetime of the Pt-Pt bonded state is ςτ s 

and φπ µs at υππ and ψππ K. We should add that Pt desorption from the dry (110) is 

even less facile than from the dry (100), requiring χχȢχ kcal/mol of activation which 

corresponds to a desorption temperature of ρπωρ K. 

Table 4.1: Binding energy and desorption temperature Ὕ  estimated from Redhead 

analysis of Pt on ‎-Al 2O3. 

Surface State Site ἏἪ (kcal/mol) ἢἬἭἻ (K)  

Dry (100) AlV(5)ï‘-Os(c) φχȢχ ωυσȢψ 
Dry (110) Al III(7)ï‘-Os(e) χχȢχ ρπωπȢχ 

Hydrated (110)-υππ K Al IV(8)ï‘-Os(b) χτȢρ ρπτρȢτ 
Hydrated (110)-ψππ K Al III(7)ï‘-Os(b) χπȢχ ωωτȢω 

Hydration of the (110) surface makes a stark difference to the thermodynamics 

of formation of Pt2 as ЎὊ climbs up to φχ kcal/mol at υππ K and σρ  kcal/mol at 

ψππ K. We turn once again to the unbiased densities ὴὼȟώ, shown in Figures 4.3 (A) 

and (B), to understand the reasons. We consider the distributions ὴ ὼȟώ (in green) 

and ὴ ὼȟώ (in purple), the latter corresponding to the terminal oxygens (Ot) of the 

hydroxyl groups coordinating to Al atoms. Figure 4.3 (A) reveals a shift in the 

preferred binding site towards the region between AlIII(7) and AlIV(8), with a slight 

proximity to AlIV(8)), at υππ K. This shift is attributed to the blocking of the AlIII(7) 

and the AlIV(8) sites by the OH group. As a result, the Pt atoms exhibit stronger 

interactions with the Ot atoms compared to the Al atoms. Since there are Pt-Ot 

interactions from both AlIII(7) and AlIV(8), the Pt atoms do not exclusively approach 

either AlIII(7) or AlIV(8). In contrast, at ψππ K (Figure 4.3 (B)), the Pt atoms show 
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closer coordination with AlIII(7) and ‘-O(b) due to the robust interaction with the OH 

on AlIII(7). As there is no competing Pt-Ot interaction from AlIV(8), the Pt atoms are 

effectively pulled towards AlIII(7). Such coordination between Pt and the Ot is also 

consistent with prior experimental and computational studies.18,47 To further 

demonstrate the change in Pt-Ot coordination between the dispersed state (Ὠ ψȢτ Å ) 

and the associated state (Ὠ ςȢφ Å ), we present their respective conditional pair 

distribution functions (Ὣ ὶ) for the atom pair Pt-Ot at υππ and ψππ K in Figure 4.3 

(C) and (D). By integrating Ὣ ὶȿὨ ψȢρ B (black line) and Ὣ ὶȿὨ ςȢφ B 

(red line) over their first coordination sphere, we find that there are ς Pt-Ot bonds per 

Pt atom at υππ K (πȢψ at ψππ K) for Ὠ ψȢρ B, whereas the number reduces to ρȢς Pt-

Ot bonds at υππ K (πȢτ at ψππ K) for Ὠ ςȢφ B. Thus, Pt atoms lose significant 

interaction with the Ot during nucleation. 

The acidic hydrogen atoms ‘-OH of the wet surface, at high OH coverage, 

readily migrate to Pt atoms. In Figure 4.3 (E), we plot the unbiased pair distribution 

functions Ὣ ὶ at υππ (black line) and ψππ K (red line). At υππ K (higher OH 

coverage, ρρȢψ OH/nm2), the sharp peak at ὶ ρȢυ Å  indicates a strong Pt-H 

correlation, which is absent from the Ὣ ὶ at ψππ K (lower OH coverage, υȢω 

OH/nm2). The integration of this peak yields one Pt-H bond per Pt atom. Clearly, 

hydrogen migration to Pt occurs more at high OH coverage. Bader charge analysis 

shows that, at υππ K where H migration is more pronounced, the Pt atoms are on 

average slightly cationic (ή πȢσ) while the migrating H atoms are neutral (ή

π), suggesting some electrostatic repulsion between the Pt atoms with H ligands. In 

contrast, at ψππ K, where no H migration occurs, the Pt atoms are on average slightly 

negatively charged (ή πȢρ). Taken together, on the hydrated (110) surface, Pt 
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atoms lose their strong interaction with the AlIII(7) and the ‘-O(e) sites, but the 

interactions with the AlIV(8) (the OH-saturated AlIII(7) at ψππ K), the ‘-O(b), and the 

Ot compensate for this loss and stabilize the dispersed state, resulting in unfavorable 

Pt2 nucleation. Moreover, the electrostatic repulsion due to H migration further hinders 

the nucleation process, especially at υππ K. At ψππ K, the barrier for Pt2 nucleation is 

ɝὊɗ υς kcal/mol, at Ὠ τȢφ Å ; much lower than that at υππ K due to the less Pt-

Ot interaction. Still, the mobility of the Pt atoms on the wet (110) surface is kinetically 

restricted, regardless of temperature. 
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Figure 4.3: Probability densities ὴὼȟώ  to find a Pt or an Ot atom at ὼȟώ , 

superposed on hydrated ‎-Al 2O3(110) at: (A) υππ K; and (B) ψππ K. 

Conditional pair distribution functions (Ὣὶ) between Pt and Ot on wet 

‎-Al 2O3(110) at: (C) υππ K; and (D) ψππ K. (E) Unbiased pair 

distribution function between Pt and H on wet ‎-Al 2O3(110) at υππ and 

ψππ K. 
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Experimental studies have demonstrated that Pt atoms exhibit higher 

dispersion under oxidized conditions than under reduced conditions.24,25 This is 

confirmed by our simulations. To model oxidized Pt in the 2+ state, we considered a 

hydroxylated surface and deleted two H atoms (from ‘-O(g) and ‘-O(h) sites) per Pt 

atom in the unit cell (see Appendix C section). The free energy simulations yielded 

ЎὊ τπ and σσ kcal/mol at υππ and ψππ K, respectively; the potentials of mean 

force between the two Pt2+ atoms on wet (110) are shown in Figure 4.4. According to 

the unbiased distributions ὴ ὼȟώ (green) and ὴ ὼȟώ (purple) in Figure 4.5, the 

dispersed Pt atoms are located near the AlIII(7), ‘-O(d) and ‘-O(e) sites and closely 

coordinating to two deprotonated Ot atoms. The latter is mainly responsible for the 

stabilization of the dispersed state. Perhaps surprisingly, however, the potential of 

mean force is not purely repulsive but it supports a Pt-Pt bound state in which the 

atom separation is σȢτ and σȢπ Å  at υππ and ψππ K (for reference, the typical Pt-Pt 

bond is ca. ςȢχ Å ). As suggested by the conditional distributions ὴὼȟώȿὨ σȢτ B at 

υππ K and ὴὼȟώȿὨ σȢπ B at ψππ K in Figure C.3, in these bound states, one of the 

two Pt atoms remains coordinated to two deprotonated Ot atoms while the other one to 

just one deprotonated Ot atom and a ‘-O(d). It seems that such coordination could 

stabilize the oxidized Pt2+ atoms, despite their close proximity. 
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Figure 4.4: Free energy profile of (Pt2+)2 nucleation on the hydrated (110) surfaces at 

υππ K and ψππ K. 

 

Figure 4.5: Probability density ὴὼȟώ  to find a Pt2+ and an Ot atom at ὼȟώ , 

superposed on hydrated ‎-Al 2O3(110) at: (A) υππ K; and (B) ψππ K. 
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4.5.2 Pt3 Nucleation on ♬-Al 2O3 

 

Figure 4.6: Free energy profile of Pt3 nucleation on (A) dry ‎-Al 2O3(110) and (B) 

hydrated ‎-Al 2O3(110) at υππ K. 

Next, we investigate the impact of Pt loading on the nucleation and stability of 

Pt3 cluster. We considered σ Pt atoms/unit cell (ρȢρς Pt/nm2) loading and performed 

well-tempered metadynamics-MD free energy simulations with the Pt-Pt coordination 

number (ὅὔ) as an order parameter. Figures 4.6 (A) and (B) show the free energy 

profiles for the dry and wet ‎-Al 2O3(110) at υππ K. The theoretical values of ὅὔ

πȢφχ and ὅὔ ς correspond to Pt2 and an isolated Pt atom, and to trigonal Pt3, 

respectively. 

On the dry (110) (Figure 4.6 (A)),  thermodynamics favors Pt3 formation, with 

ɝὊ χς kcal/mol; this agrees with static DFT calculations.46 The effect of loading 

can also be appreciated when we consider the stability of the dimer, Pt2, relative to that 

at the lower loading of πȢχυ Pt/nm2 under the same conditions (cf. red energy profile 

in Figure 4.1 (A)). Not only at the higher loading of ρȢρς Pt/nm2 is Pt2 formation 
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exergonic (by ca. υπ kcal/mol), but the Pt2 state is kinetically readily accessible from 

the dispersed state; barrier of χ kcal/mol versus τπ kcal/mol at low loading. 

Considering the stability of Pt3, that of Pt2 is intuitively reasonable because, 

dynamically, the formation of Pt3 should proceed gradually through the dinuclear 

cluster as it is quite unlikely that three atoms would move in unison to collide and 

form the larger cluster. The diatomic intermediate state on the way to the triatomic one 

has a lifetime of ca. πȢτ ms. 

Hydration of the (110) surface reduces the stability of Pt3 to ɝὊ τρ 

kcal/mol and of the intermediate Pt2 to ɝὊ ςπ kcal/mol relative to the dispersed 

state. Furthermore, the free energy profile in Figure 4.6 (B) reveals two competing 

forces: On one hand, clustering is favored by the high Pt loading, to such an extent 

that the essentially repulsive potential of mean force between two Pt atoms (cf. Figure 

4.1 (A), blue profile) becomes attractive. On the other hand, surface hydroxyls endow 

the Pt2 state with remarkable stability as the barrier separating it from Pt3 is ca. υπ 

kcal/mol high. The formation of Pt3 is accompanied by the migration of H atoms from 

surface oxygen atoms onto to the Pt atoms. This can be seen from the sharp peak at 

Ὠ ρȢφ Å  in Ὣ ὶ in Figure C.4 (A); the integration over the first coordination 

sphere yields ρ Pt-H bond per Pt atom. Critically, one of those migrating H originates 

from a ‘ -Ot(j)H site. Following the hydrogen migration, the ‘ -Ot(j) loses its 

coordination to the AlIV(8) site and occupies the hollow site at the top of the trigonal 

Pt3 cluster (see representative structure in Figure C.4 (C)). This observation is further 

supported by the unbiased Ὣ ὶ and Ὣ ὶ shown in Figures C.4 (B) 

and Figure C.5 (A), respectively, which show the bonding interactions between ‘-

Ot(j) and all three Pt atoms, as well as the loss of coordination to AlIV(8). Notably, this 
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surface restructuring was missed when we performed geometry optimization 

calculations from initial configuration with the ‘ -Ot(j) bonded to AlIV(8), even 

though the restructured geometry is more stable by ca. τπ kcal/mol, further 

highlighting that zero-Kelvin optimization calculations are not always adequate in 

understanding the behavior of a system at finite temperatures. Therefore, the 

substantial barrier between the Pt2 and Pt3 states can be attributed to the energetically 

demanding restructuring of ‘-Ot(j) from Al IV(8). As evidenced by the conditional 

Ὣ ὶȿὅὔ (Figure C.5 (B) (D)), the coordination number of AlIV(8)-‘-Ot(j) 

in the first coordination sphere decreases from approximately ρ in the Pt2 state (πȢυ

ὅὔ πȢψ) to πȢφ in the transition state (ρȢς ὅὔ ρȢυ), and subsequently to πȢυ in 

the Pt3 state (ρȢω ὅὔ ςȢπ). 

4.5.3 Pt2 Nucleation on Sn-modified ♬-Al 2O3 

 

Figure 4.7: Free energy profiles for Pt-Sn nucleation on dry and hydrated ‎-

Al 2O3(110) at: (A) υππ K; and (B) ψππ K. 
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The effectiveness of Sn as an adatom in stabilizing dispersed Pt atoms has been 

reported before.28,46 Here we focus on the dynamics of the dispersion and surface 

water effects. We start with the potential of mean force between a Pt atom and a Sn 

atom, shown in Figure 4.7. Overall, the Pt-Sn association is roughly thermoneutral but 

on the wet (110) surface at υππ K, the potential of mean force is essentially repulsive. 

Thus, high water coverage impedes the formation of a Pt-Sn bond and this is due to 

the strong coordination of the Pt and Sn atoms with the terminal OH groups, as can 

been seen from the unbiased distributions ὴ ὼȟώ (in green), ὴ ὼȟώ (in purple), 

and ὴ ὼȟώ  (in red) in Figure 4.8 (A). As the water coverage is decreased by 

increasing the temperature to ψππ K, the strong Sn-Ot coordination is no longer 

present (Figure 4.8 (B)). Although the Pt-Ot interaction, which persists, does not 

impede the Pt-Sn bond formation, it does have a kinetic effect as the barrier of 

association increases by about ρπ kcal/mol relative to the dry surface. 

 

Figure 4.8: Probability density ὴὼȟώ to find a Pt, an Ot, and a Sn atom at ὼȟώ, 

superposed on hydrated ‎-Al 2O3(110) at: (A) υππ K; and (B) ψππ K. 
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Figure 4.9: Pt-Pt potentials of mean force at πȢχυ Pt/nm2 loading and Sn:Pt ratios of 

ρȡς and ςȡς at ψππ K. (A) dry ‎-Al 2O3(110); and (B) wet ‎-Al 2O3(110). 

Next, we turn our attention to the Pt-Pt potential of mean force at πȢχυ Pt 

atoms/nm2 loading in the presence of Sn for Sn:Pt ratio of ρȡς and ςȡς. We are 

specifically interested in the Pt-Pt mean interaction when a Pt-Sn bond is formed. In 

Figure 4.9, we show the Pt-Pt potential of mean force on dry and wet ‎-Al 2O3(110) at 

ψππ K. For comparison, we include the potential of mean force in the absence of Sn, 

shown earlier in Figure 4.1. Clearly, the potentials become increasingly repulsive at 

short Pt-Pt separations with increasing Sn loading. The distributions ὴ ὼȟώ (green) 

and ὴ ὼȟώ (red) in Figure 4.10 illustrate the most likely positions of Pt and Sn on 

the surface. Bader analysis has confirmed that the average charges of bonded Pt and 

Sn atoms are ρ and ρ, respectively. 
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Figure 4.10: Probability density ὴ ὼȟώ, ὴ ὼȟώ and ὴ ὼȟώ superposed on: (A) 

dry ‎-Al 2O3(110) at Sn:Pt ratio of ρȡς; (B) dry ‎-Al 2O3(110) at Sn:Pt 

ratio of ςȡς; (C) hydrated ‎-Al 2O3(110) at Sn:Pt ratio of ρȡς; and (D) 

hydrated ‎-Al 2O3(110) at Sn:Pt ratio of ςȡς at ψππ K. 

4.6 Conclusions 

We have performed AIMD free energy simulations to study the dynamics of Pt 

atoms and Ptn (ὲ ς σ) species on dry ɾ-Al 2O3(100), dry ɾ-Al 2O3(110), and wet ɾ-

Al 2O3(110) (OH coverages corresponding to υππ and ψππ K) at varying Pt and Sn 

loading. 

The comparison of two surface terminations, the (100) and (110), under the 

same dry conditions and temperature, showed that the Pt-surface interactions are 

critical factors in determining whether the potential of mean force between reduced Pt 
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atoms is repulsive, as on the (100), or can support a bound Pt-Pt state, as on the (110). 

Clearly, sintering is facet dependent. At low Pt loadings, Pt prefers to be dispersed, but 

at higher loadings, nucleation occurs within shorter time compared to experimental 

timescales. Due to non-uniform loading and thermal fluctuations, some degree of 

sintering should be expected even at low loadings, particularly in regions of high Pt 

density. 

Hydration can have a profound effect. At ρȢπχ Pt/nm2 Pt loading on the (110) 

surface, hydration corresponding to ψππ K (i.e., υȢω OH/nm2) raises the energy of the 

potential of mean force and although a Pt-Pt bound is still supported, it is kinetically 

rather inaccessible from the dispersed state. At even higher water loading, 

corresponding to υππ K (i.e., ρρȢψ OH/nm2), the Pt-Pt potential of mean force 

becomes essentially repulsive and can no longer support the Pt-Pt bound state. Higher 

Pt loadings (ρȢρς Pt atoms/nm2) favor aggregation of Pt into progressively larger 

clusters but high levels of hydration (e.g., ρρȢψ OH/nm2) can kinetically inhibit 

particle growth. Surface hydroxyls can be an effective mechanism to stave off 

sintering. 

On Sn-modified ɾ-Al 2O3(110), Pt associates with Sn except at high levels of 

surface hydration at which the potential of mean force between Pt and Sn atoms 

becomes repulsive. Aggregation of Pt particles is inhibited by Sn and the Pt-Pt 

potential of mean force becomes increasingly repulsive with the Sn loading. Clearly, 

Sn can serve as another catalyst stabilization mechanism, especially when synthesis 

leads to Pt in close proximity to Sn. 

Our findings are in line with experimental observations24ï26,28,29 in terms of the 

effects of several factors (temperature, surface termination, Pt oxidation, and Pt and Sn 
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loading) on Pt dispersion on ‎-alumina. The stable cluster structures predicted by the 

AIMD simulations are in line with those previously identified by DFT calculations.18ï

20,46 However, in addition, the present study points outðand cautionsðthat zero-

Kelvin binding studies might lead to inaccurate conclusions as some of these stable 

states/structures might not be attained at all on catalytically relevant timescales due to 

severe kinetic limitations. This work was limited to relatively small systems in terms 

of the Pt and Sn loading due to computational challenges and future investigations are 

certainly warranted to complete the picture presented here. 
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UNEXPECTED KINETIC SOLVENT EFFECTS ENHANCE ACTIVITY AND 

SELECTIVITY IN BIPHASIC SYSTEMS  

5.1 Abstract 

Biphasic dehydration of fructose to 5-hydroxymethylfurfural (HMF) has 

shown unprecedented increases in productivity, but a mechanistic understanding is 

lacking. Herein, we couple fast experimental reaction kinetics, multiscale modeling 

(phase behavior, classical molecular dynamics (MD), and quantum 

mechanics/molecular mechanics MD), in-situ sampling, and IR and 13C-NMR 

spectroscopy to elucidate the complex effects of non-polar extracting organic solvents 

on the kinetics of fructose dehydration. We show that these organic solvents can reach 

significant mutual solubility with water at reaction temperatures, enabling the partition 

of the sugar and catalyst into the extracting phase. In the organic-rich environment, the 

dehydration of fructose proceeds faster and more selectively than in water due to 

increased relative abundance of the reactive furanose isomer, enhanced water-catalyst-

substrate interactions driven by nanophase separation, and higher product stability 

stemming from preferential solvation. We demonstrate that these solvent effects 

impact other critical biphasic reactions in biomass upgrading and provide qualitative 

principles for solvent selection. 

Chapter 5 
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5.2 Contributions 

This chapter and Appendix D contain published work1 towards the completion 

of this thesis. Dr. Natalia Rodriguez Quiroz performed the experimental work 

including the reactor setup, characterization, and the investigation of catalytic 

performance. Dr. Tai-Ying Chen built the kinetics and CFD model and calculated the 

theoretical catalytic performances. Dr. Stavros Caratzoulas supervised the molecular 

dynamics and solvation free energy calculations conducted by Tso-Hsuan Chen. Prof. 

Dionisios G. Vlachos supervised this research. Sections 5.4.15.4.5, 5.4.8 5.4.11, 

5.6.1, D.1 D.9, and D.12 D.15 were written by Dr. Natalia Rodriguez Quiroz. 

Sections 5.6.2.4 and D.16.3 were written by Dr. Tai-Ying Chen. Section 5.4.6 5.4.7, 

5.6.2.1 5.6.2.3, D.10 D.11, and D.16.1D.16.2 were written by Tso-Hsuan Chen. 

Section 5.1, 5.3, and 5.5 were written and edited together by Dr. Natalia Rodriguez 

Quiroz and Tso-Hsuan Chen. 

5.3 Introduction  

Selective partial deoxygenation of monosaccharides is critical for the economic 

production of biofuels and chemicals from non-edible lignocellulosic biomass.2,3 In 

particular, the dehydration of biomass-derived fructose and xylose to platform 

molecules, 5-hydroxymethylfurfural (HMF) and furfural, poses a significant 

challenge.4,5 Alas, this step exposes significant carbon loss resulting from undesired 

byproduct formation and polymerization of the target products to low-value 

carbonaceous materials.6,7 Outstanding efforts have been devoted to identifying 

solvents, catalysts, and reaction conditions, enabling the selective production of these 

intermediates.3,5,8ï11 
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Pioneering work by Román-Leshkov et al.12,13 has led to the exploration of 

biphasic reactive extraction systems for the dehydration of fructose, reporting 

unprecedented improvements in the selectivity to HMF.12,14ï17 In a biphasic system, 

HMF is continuously extracted into a non-polar organic solvent, allowing separation 

between products and catalysts and suppressing further degradation. Extraction 

solvents are selected for their low solubility in water and high partitioning of the target 

product.14,16,18 Recent developments in microreactor technology furthered these 

advancements by maximizing mass transfer across the two phases and cutting the 

reaction time from hours to minutes or even seconds.19ï22 Remarkably, enhanced mass 

transfer in biphasic systems increases the HMF yield and the rate of fructose 

dehydration.14,23,24 Although outstanding advancements in the effects of polar aprotic 

co-solvents on the rate and selectivity of monophasic Brønsted acid-catalyzed 

reactions have been achieved,25ï35 it remains unclear how these findings apply to non-

polar solvents with low water solubility such as those used in biphasic systems. 

Herein, we investigate the nature of the enhanced dehydration of fructose to 

HMF in the water and methyl isobutyl ketone (MIBK) biphasic microfluidic system 

(Figure 5.1a) that allows for very fast transport of HMF from the aqueous to the 

organic phase (Figure 5.1b). We show that the mutual solubility of the two solvents is 

more extensive than previously believed, having significant consequences on the rate 

and selectivity. Enabled by the short residence times achieved with an in-house 

designed microfluidic system, we reveal that the part of the aqueous reactive phase, in 

fact, partitions into the organic phase where fructose can selectively dehydrate to HMF 

ρπ to ςπ times faster than in water. We present strong evidence that the enhanced rate 

stems from (1) the higher concentration of the reactive furanose isomer in MIBK than 
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in water; (2) the strong catalyst-substrate interactions enabled by the formation of a 

tight hydrophilic domain around the substrate; and (3) high product stability resulting 

in low degradation rates. 

5.4 Results and Discussion 

5.4.1 Fructose Dehydration in Biphasic Systems 

The effect of MIBK on the rate of fructose dehydration and yield of HMF was 

evaluated by comparing model and experimental results for homogeneous aqueous 

single-phase and biphasic MIBK/water systems (Figure 5.1). The single-phase 

aqueous reaction model (see Methods)36 shows good agreement with experiments at 

various residence times (Figure 5..1d,e) and temperatures (Figure D.1) even though it 

was developed in batch systems. 

The model of an ideal biphasic system (where the reaction occurs exclusively 

in the aqueous phase and the produced HMF partitions into an inert extracting phase 

very rapidly without reabsorbing back to the aqueous phase, see Appendix D) and the 

experimental results confirm that MIBK increases the HMF yield, especially at high 

conversions where high degree of degradation of HMF in the aqueous phase occurs 

(Figure 5.1c,e). Outstandingly, the experimental enhancement in the yield is 

consistently more pronounced than that predicted for an ideal biphasic system. The 

conversion in the models of the biphasic and aqueous single-phase systems is the same 

at all residence times (Figure 5.1d), i.e., the rate of fructose dehydration is traditionally 

thought to be independent of the organic solvent.14,23,24 However, the experimental 

biphasic system shows enhanced reaction rate and conversion (Figure 5.1d), 

suggesting an unexpected promoting kinetic solvent effect. 
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Figure 5.1: Experimental and modeling data in monophasic and biphasic 

microfluidic systems. a, Diagram of the continuous microflow reactor. b, 

Droplet and slug flow patterns in MIBK/water systems (water in green 

and MIBK in blue, the images were obtained using confocal 

microscopy). c, Reaction network for fructose dehydration in the aqueous 

phase. d, Fructose conversion vs residence time and, e, yield vs 

conversion, for experimental (yellow circles) and modeled (yellow dash 

line) aqueous single-phase and experimental (red squares) and modeled 

(solid black line) biphasic ρȡρ MIBK/Water system (the model 

represents an ideal biphasic system where all HMF is extracted into the 

organic phase preventing any degradation). Reactions were carried out 

and modeled at ρυπ °C, buffer pH πȢχ, and πȢυ M fructose. 

Abbreviations: levulinic acid (LA), formic acid (FA). 

5.4.2 Mutual Solubility and Solvent Effects in the Aqueous and Organic Phases 

The lack of studies on kinetic solvent effects in biphasic systems stems from 

the notion that the two phases are highly immiscible, having no effect on each otherôs 
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chemistry (Figure 5.2a). To test this concept, we investigated the mutual solubility of 

water and MIBK by combining thermodynamic modeling (OLI-Systems)37 and 

experimental in-situ sampling (Figure 5.2b). Modelling and experimental data indicate 

that the solubility of each phase is significant and increases with temperature. At ρυπ 

°C, approximately τ (%v/v) of water is dissolved in MIBK and ψ (%v/v) of MIBK is 

dissolved in the aqueous phase. 

Given the elucidated mutual solubility between phases, we evaluated possible 

solvent effects on each phase separately (Figure 5.2a): (1) dissolved MIBK in the 

aqueous phase (Figure 5.2c), and (2) dissolved aqueous phase in the organic MIBK 

phase (Figure 5.2d). By operating under the solubility limit, we avoid the formation of 

a biphasic system and any yield enhancements due to HMF extraction and thus isolate 

mere kinetic solvents effect. 

The reactivity profiles in Figure 5.2c and d show that the small volumes of 

MIBK in the aqueous phase do not affect the rate of fructose dehydration. In stark 

contrast, a small percent of fructose in an aqueous volume that partitions into the 

organic phase reacts faster and more selectively than in water. These results suggest 

that the enhancement in fructose conversion in biphasic systems (Figure 5.1) could 

result from a percentage of the available fructose dehydrating faster and more 

selectively in the organic phase. To evaluate this hypothesis, we collected reaction 

kinetics data for the dehydration of fructose in MIBK. 
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Figure 5.2: Solubility and reactivity data in single (aqueous and organic) phase 

dopped with each other solvent below the solubility limit. a, Schematic 

representation of a biphasic system depicting the mutual solubility of 

solvents, the dehydration of fructose to HMF in the aqueous phase, and 

the partitioning of HMF to the organic phase. b, Modeled (OLI Systems) 

and experimental miscibility of water in MIBK and MIBK in water at 

varying temperature. c, Single aqueous phase reaction in water with 

soluble amounts of MIBK (πȢυ M fructose, HCl/KCl buffer of pH πȢχ, 
and σ or τ (v/v %) MIBK). d, Single MIBK phase reaction with soluble 

amounts of the aqueous solution (MIBK and ς or σ (v/v %) of πȢυ M 

fructose in pH πȢχ HCl/KCl Buffer). The experimental yield and 

conversion for the homogeneous water phase (πȢυ M Fructose, HCl/KCl 

buffer of pH πȢχ) plotted in a blue dash line and markers for reference. 

Reaction temperature at ρςυ °C. 
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5.4.3 Kinetic Study of Fructose Dehydration in a MIBK-rich Phase 

To understand the enhanced rate of fructose dehydration and selectivity to 

HMF in the MIBK-rich phase (MIBK σ%v/v of the aqueous phase (Fructose + 

HCl/KCl Buffer) ï Figure 5.2d), we studied the kinetics of the main and side 

reactions. The dehydration of fructose in this solvent system is only possible in a 

microfluidic device at short residence times (Figure D.2), given that full conversion is 

attained in ρυ seconds at ρυπ °C. Reaction at lower temperatures is undesirable as the 

water solubility decreases with decreasing temperature. We employed the proposed 

simplified reaction network (Scheme D.1) for calculating the key kinetic parameters 

(Table D.1 and Figure D.3) and developing a simplified kinetic model that we tested 

under various sugar concentrations and pH values (Figure D.4). 

Given the similar kinetic parameters in the aqueous and MIBK-rich phases 

(Table D.1), the dehydration of fructose to HMF appears to proceed via the same 

reaction mechanism. Yet, dehydration is ρπ to ςπ times faster in MIBK (Figure D.5). 

In contrast to the dehydration reaction in water, up to ρυ% of the sugar in MIBK 

initially converts to dimers and epimers (such as sucrose, mannose, and levoglucosan) 

existing in equilibrium with fructose (Figure D.6 and Figure D.7). The enhanced 

selectivity in MIBK can partly be attributed to the low rate of degradation of HMF 

σͯ% conversion, Figure D.8) and to a higher reaction order with respect to proton 

activity in the main than the side reactions (order ρ and πȢυ respectively), resulting in 

higher HMF yields in more acidic conditions (Figure D.9, Appendix D-Kinetics of 

Dehydration of Fructose in MIBK). 

While a MIBK-rich organic phase model and a phenomenological 

Water/MIBK biphasic reaction model (incorporating dehydration in the aqueous and 

organic phases coupled through transport and thermodynamics via computational fluid 
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dynamics (CFD) simulations) can describe the data (Figure D.4, Figure D.10), 

mechanistic understanding behind the enhanced reactivity in MIBK remains unclear. 

Herein we elucidate the complex interactions between solvent, catalyst, substrate, and 

product leading to this enhancement by employing MD simulations and spectroscopy 

in organic-rich systems. 

5.4.4 Organic Solvent Effects on the Rate and Selectivity of Fructose 

Dehydration 

Pioneering works by Dumesic and co-workers have significantly advanced the 

understanding of co-solvent effects in polar-aprotic/water mixtures.24,25,27ï29 It is 

unclear how these solvent effects manifest themselves in non-polar/water systems 

where micro-separation becomes more extensive due to the low water solubility. To 

close this gap, we correlate the solvent properties with the performance in various less 

polar solvents traditionally used in biphasic systems: MIBK, 4-methylpentan-2-ol (or 

methyl isobutyl carbinol, MIBC), 2-pentanone, and 2-pentanol (molecular structures 

in Figure D.11). 

Given the different water solubility across the organic solvents, the 

dehydration of fructose was carried out at a fixed organic to aqueous ratio at the same 

water concentration (the water reaction order in the HMF formation is 1/[H2O]).36,38 

The solubility of water in all solvents, determined using the COSMO-Thermo 

software (Figure D.12), follows the order MIBK < 2-pentanone Ò MIBC < 2-pentanol. 

Therefore, we used the water solubility in MIBK (τͯ% v/v) as the upper limit. 

Figure 5.3 indicates that while the dehydration of fructose in all organic 

solvents is significantly faster and more selective than in water, ketones consistently 

result in higher HMF yields (Figure 5.3a) and larger apparent reaction rate constants at 
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all temperatures (Figure 5.3b). The rate of fructose dehydration is anticorrelated with 

the organic solventôs water solubility. These differences in reactivity and selectivity 

are rationalized by correlating the fructose reactivity experiments using 13C-NMR 

spectroscopy for the isomer distribution, MD for the molecular interactions between 

reactants (fructose and HMF), solvents and catalyst (H3O
+), and IR spectroscopy to 

evaluate the stability of HMF in various organic solvents, as elaborated next. 

 

Figure 5.3: Reaction performance and kinetics of fructose dehydration in organic 

solvents dopped with σ% aqueous phase solution compared to single 

water phase. a, HMF yield vs. residence time at ρυπ °C. b, Apparent 

reaction rate constants for MIBK, 2-pentanone, MIBC, 2-pentanol and 

water at varying temperature. Error bars represent ωυ% confidence 

intervals. Dashed lines are visual guides. Reaction conditions: Organic to 

aqueous ratio of ρȡπȢπσ; Aqueous composition: pH πȢχ (HCl) + πȢυ M 

Fructose. 

5.4.5 Reactive Isomer Distribution U sing 13C-NMR 

Fructose can exist in five isomers (Figure D.13): two furanose (‌ and ‍), two 

pyranose (‌ and ‍), and an open chain(s). It has been postulated that isomers 
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equilibrate faster than the dehydration reaction, maintaining their equilibrium ratio 

during the dehydration reactions, and that all fructose isomers participate in side 

reactions but only furanoses dehydrate to HMF.34,36,39ï41 Therefore, the relative 

abundance of isomers can significantly affect the selectivity and modestly the 

conversion (Figure D.14). 

 

Figure 5.4: Isomer distribution in various solvents (ωω% organic solvent + ρ wt% 

aqueous πȢς M 13C-labeled fructose in water) and effect of temperature. 

Isomer distribution at a, room temperature and b, varying temperature in 

water, 2-pentanol, 2-pentanone, DMSO (included for comparison), 

MIBC, and MIBK mixture with acetone (Ace) at Ace:MIBK ratio of ςȡρ 
(acetone added to homogenize the mixture at room temperature). Data 

obtained via 13C-NMR as described in the Methods. Colored lines are 

visual guides. Change in all isomer abundance for all solvents in Figure 

D.15. 

The distribution of isomers (Figure 5.4a) determined from 13C-NMR spectra of 

d-fructose-13C-6 solutions at room temperature indicates that the abundance of 
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furanoses follows the order: MIBK > DMSO> 2-pentanone > 2-Pentanol Ó MIBC Ó 

Water. Consistent with literature,34 the concentration of the furanose isomers increases 

with temperature in all solvents, i.e., the furanose is prevalent over pyranose at 

reaction temperature (Figure 5.4b, Figure D.15). This higher concentration of the 

reactive furanose species in MIBK, compared to other organic solvents and water, 

sheds light on the observed enhancement in rate and HMF selectivity in the MIBK. 

5.4.6 Substrate-Solvent Interactions via Molecular Dynamics (MD) Simulations 

Previous studies have found that for Brønsted acid-catalyzed dehydration of 

polyols and monosaccharides in water mixtures with polar-aprotic solvents, such as 

GVL, DMSO, and dioxane, the co-solvent enhances the reactivity by forming a 

localized water-rich domain around the hydrophilic substrate, increasing the strength 

of hydrogen bonds between reactants and local water molecules.25,26,31,42 

Destabilization of the hydronium ion in the bulk organic solvent drives its partitioning 

toward the water-enriched domain around the reactant,43 lowering the activation 

energy barrier.25,28,31 Changes in the relative free energy between the reactant and 

products in the co-solvent mixture effectively increase the selectivity when the co-

solvent preferentially solvates the target product.30,44 

Comprehensive studies on these phenomena in non-polar solvents are less 

prevalent. We hypothesize that these co-solvent effects observed in water/polar-

aprotic solvent mixtures are further enhanced in extracting solvents, such as MIBK, 

given their low water uptake. In the dehydration of fructose, water solubilizes the 

reactant and the catalyst and mediates key elementary steps.38 However, high water 

concentration slows down the rate of dehydration (order 1/[H2O])36,38 and promotes 
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product rehydration.45 Therefore, the relative partitioning of water around fructose and 

HMF has significant implications on performance. 

Classical MD simulations of fructose and HMF in a mixture of ωω wt% 

organic solvent and ρ wt% water are shown in the radial distribution functions (RDFs) 

for the water oxygen (Ow) and the (a) fructose hydroxyl oxygen (OH, Figure 5.5a), 

(b) HMF  carbonyl oxygen (OC, Figure 5.5b), and (c) HMF  hydroxyl oxygen (OᴂH, 

Figure 5.5c).  The peak at ςȢυτ Å  in Ὣ ȟ ὶ  in Figure 5.5a indicates more 

structuring and local water enrichment around the fructose in MIBK than in 2-

pentanol. Unlike fructose, the Ὣ ȟ ὶ and Ὣ ȟ ὶ RDFs show no coordination 

of water around either the hydroxyl or the carbonyl group of HMF in neither of the 

two solvents (Figure 5.5b and 5.5c). 

 

Figure 5.5: Selective nano-partitioning of water around reactants and products. 

Radial pair distribution functions (RDFs): a, fructose hydroxyl oxygen ï 

water oxygen, b, HMF carbonyl oxygen ï water oxygen, c, HMF 

hydroxyl oxygen ï water oxygen atom in the aqueous mixtures of MIBK 

and 2-pentanol (ωω wt% organic solvent and ρ wt% water). 
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These results suggest that small amounts of water in organic solvents with 

unfavorable solvent-water interactions (evident from the low water solubility) 

organize tightly around the hydrophilic substrate; conversely, solvents with higher 

water solubility, such as 2-pentanol, solvate some of the water in the bulk organic 

phase loosening the structuring around fructose. More hydrophobic molecules, like 

HMF, are favorably solvated by the bulk organic phase showing no water structuring 

around them. Hence, when both fructose and HMF co-exist in non-polar organic 

solvents, such as MIBK, water preferably coordinates near the highly hydrophilic 

fructose substrate, limiting the water available for HMF rehydration and thus 

increasing the selectivity. 

5.4.7 Catalyst-Substrate and Catalyst-Product Interactions via Quantum 

Mechanics/Molecular Mechanics (QM/MM) MD Simulations 

The formation of water-enriched local solvent domains has previously been 

correlated to higher substrate-catalyst interactions and higher Brønsted acid-catalyzed 

reaction rates.25,26,35 Conventional ways to study proton interactions in organic 

solvents involve classical MD simulations using a parameterized hydronium model.46 

Although fast and inexpensive, this method disregards proton transfer between water 

molecules through hydrogen bonding and proton exchanges between the hydronium 

ion and the OH groups of fructose. To include these effects, we performed hybrid 

QM/MM MD simulations in which the hydronium ion, hydronium solvation water, 

and fructose were treated quantum mechanically at the semi-empirical PM6 level, 

whereas the organic solvent (with ρ% water) was modeled with a classical force field. 

Figure 5.6 shows the RDF, Ὣ ȟ ὶ , between OH and the quantum 

mechanical hydrogens (Hq) in different solvents. The sharp peak at πȢωχ Å  
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corresponds to fructose intramolecular O-H bonds. The corresponding coordination 

number in Figure D.16a shows no increase in the number of H atoms bonded to the 

hydroxyl O of fructose, indicating no oxonium (R-OH2
+) formation. Interestingly, the 

peak at ρȢχ Å , corresponding to an intermolecular H-bond, is almost σ  higher in 

MIBK and 2-pentanone and ς  higher in MIBC and 2-pentanol than in water. These 

results suggest an overall enhancement in the fructose-proton interaction in the organic 

solvent-rich environment compared with the water phase, particularly in ketone 

solvents (see also Figure D.17). Furthermore, the stronger substrate-catalyst 

interactions in MIBC and 2-pentanol, in contrast to the limited effect of the alcohols 

on the furanose isomer distribution (Figure 5.4b), suggest that the former might be the 

leading contributor to high HMF yields. 

The Ὣ ȟ ὶ shows no formation of oxonium ion or change in the degree of 

proton exchange (Figure 5.6b, Figure D.18a) and only a slight increase in the 

interactions between HMF and hydronium cations (Figure D.19, Appendix D-

Substrate-Solvent-Catalyst Interactions via MD Simulations). 
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Figure 5.6: Radial distribution functions (RDFs) between a. the fructose hydroxyl 

oxygen and the hydrogen from fructose hydroxyl groups, hydronium ion, 

and water in the QM region; b. the HMF hydroxyl oxygen and the 

hydrogen from HMF hydroxyl groups, hydronium ion, and water in the 

QM region with representative scheme of the hydrogen bonding network. 

Bin width for the RDFs were set to πȢρ Å . The green dash line 

corresponds to the region of hydrogen bonding network. 

5.4.8 Solvation Dynamics ȹȹGsol 

The stability of the transition state for a specific reaction is impacted by the 

relative stability of the reactant and product in a solvent. Walker et al.30,44 have shown 

that the relative solvation free energy (ȹȹGsol) between the reactant and product states 
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is positively correlated with the selectivity for HMF production. We estimated the 

solvation free energy of fructose and levulinic acid in water and aqueous mixtures of 

MIBK and 2-pentanol at ρςυ ºC using linear response theory.47 Table D.2 summarizes 

the parameters and simulation results for the calculation of ȹȹGsol. We found that 

ȹȹGsol>0 in both MIBK and 2-pentanol, indicating that fructose is stabilized to a 

greater degree than the undesired product (levulinic acid). This further indicates the 

suppression of the formation of levulinic acid, enhancing the selectivity to HMF. We 

observe a similar ȹȹGsol-selectivity relation between Walker et al.ôs study in GVL and 

DMSO water mixtures and ours in MIBK and 2-pentanol (Figure D.20). 

5.4.9 HMF Stability in Organic Solvents via Infrared (IR) Spectroscopy 

High selectivity for HMF in organic solvents has partly been attributed to the 

chemical stability of HMF,12,15,48,49 manifested in a low rate of rehydration and humins 

formation (Figure D.8). Previous studies have attributed the stability of HMF in 

DMSO to strong intermolecular interactions between the solvent and the carbonyl 

bond of HMF.50,51 This preferential solvation inhibits side reactions, such as 

rehydration and aldol condensation, by raising the LUMO of HMF and reducing its 

susceptibility to nucleophilic attack.50 Solvent-substrate interactions can be identified 

through changes in the strength of the substrateôs bonds, assessed in the shifts of the 

IR vibrational frequencies. Blue shifts (to higher wavenumbers, relative to the pure 

substrate) indicate a strengthening of the corresponding bond. 
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Figure 5.7: Stability of HMF inferred by molecular interactions of the C=O group 

with the solvents and selectivity data. a, IR spectra of πȢς M HMF 

solutions in water, DMSO, 2 pentanol, MIBC, 2 pentanone, and MIBK. 

b, HMF selectivity in fructose dehydration at ρυπ °C for an organic to 

aqueous ratio of ρȡπȢπσ (organic phase varied; aqueous phase= πȢυ M 

Fructose + πȢτρ M HCl). 

IR spectra of πȢς M HMF in water, DMSO, MIBK, MIBC, 2-pentanone, and 

2-pentanol (Figure 5.7a) are consistent with previous studies: the solvent-HMF 

interactions have little effect on the strength of the C=C bond but a significant effect 

on the C=O bond. More polar solvents red shift the C=O, presumably due to the de-

stabilization of the C+ïO- resonance structure of the carbonyl in non-polar media. 

Larger blue shifts with respect to pure HMF occur in the order ketones > alcohols> 

DMSO > water (Table D.3). Furthermore, solvent-HMF systems with larger blue 

shifts correlate with higher HMF yields and lower HMF side reactions (Figure 5.7b). 

The stronger interaction between the solvent and the product more likely results in the 

protection of the carbonyl bond, slowing side reactions involving a nucleophilic attack 

on the carbonyl group. 








































































































































































































































































































