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Abstract 

        The increasing demand for scarce petroleum resources have generated tremendous interest 

in the development of sustainable strategies that can convert biomass as well as other renewable 

feed sources into fuels and chemicals. Plant-based sugars and other biomass sources can be 

deconstructed into polyols and cyclic ethers that contain excess oxygen which must be removed 

in order to synthesize useful chemical intermediates. This requires rejection of oxygen as either 

CO2, CO or water and the efficient use of hydrogen. In this work, we have used first-principles 

quantum chemical calculations along with detailed kinetic analyses to examine the fundamental 

mechanisms that control the selective hydrogenolysis of biomass-derived cyclic ethers and 

polyols in aqueous media.  

        Recent experimental efforts have shown that metal alloys comprised of reducible and 

oxophilic metals such as Re-promoted Rh, Pt, Ir or Pd catalysts selectively activate biomass-

derived cyclic ethers and polyols such as tetrahydrofurfural alcohol (THFA) at the more 

substituted carbon to form α,ω-diols with high selectivity and activity. The reaction pathways 

observed over the non-promoted Rh, Pt, Ir and Pd catalysts are markedly different as they 

demonstrate high catalytic selectivities to activate the C-O bonds of the least-substituted carbon 

centers which tend to form α,β-diols. First principle density functional theory (DFT) calculations 

clearly show that the non-promoted Rh catalyst preferentially activates cyclic ethers and polyols 

such as THFA and 1,2-propanediol, respectively at the less-substituted carbon center in order to 

reduce steric repulsion that occurs in activating at the more-substituted carbon center. The direct 

activation via the metal as was found for Rh cannot be used to explain the very different catalytic 

behavior of the Re-promoted Rh system. Our theoretical results together with detailed kinetic 

experiments strongly suggest that the presence of the very oxophilic Re sites on the surface of 
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the Rh-Re catalyst can form strong acid sites in the presence of water. These sites catalyze an 

acid mechanism that controls the hydrogenolysis of THFA and other cyclic ethers and polyols on 

the Rh-Re catalysts.  

        The nature of the active site for hydrogenolysis is still actively debated in the literature. 

Some studies suggest that Re is partially oxidized and that the active sites may be Re-OH groups 

while others indicate that the Re is fully reduced.
 
We show that hydroxyl groups as well as water 

are strongly bound to the Re sites and result in Brønsted acid sites that can catalyze the ring 

opening of THFA. The unoccupied metallic Re sites on the Rh-Re surface act as Lewis acid sites 

and can also catalyze the ring opening of THFA. The activation barriers and overall reaction 

energies for the adsorption, desorption and the dissociation of water are used together with 

microkinetic models in order to try to predict the relative amounts of the different acid sites on 

the Rh-Re surface under the reaction condition to elucidate the most plausible active acid sites on 

the Rh-Re catalyst. 

        In aqueous solution, solid acids can dissociate to form the hydronium ions, which can 

influence the activity for reactions that need to occur on the surface of the catalyst. The 

heterolytic dissociation of the adsorbed water and hydroxyl at the Re sites on Rh-Re surface in 

water are examined to understand the form of solid Brønsted acid sites on the Rh-Re surface in 

water by exploring both the dissociated hydronium ions as well as the non-dissociated surface 

solid acids. Constrained ab initio molecular dynamics simulations are used to quantify the free 

energy changes for the dissociation reactions, as well as the ring opening reaction of THFA at the 

acid sites on the Rh-Re surface to further understand the effects of entropy. 
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Chapter 1-Overall Introduction 

        The use of biomass as a renewable feedstock for the chemical industry is essential to fulfill 

the long-term demand for carbon-based products. A promising approach for meeting this goal is 

to convert biomass-derived carbohydrates to platform molecules, which in turn serve as building 

blocks for commercially-valuable end products. To provide guidance towards the selection of 

target biorenewable chemicals, the US Department of Energy (DOE) released the DOE ‘Top 10’ 

report 
[1]

 in 2004 , which outlined a list of potential species including polyols deemed as the most 

promising platform molecules for a bio-refinery. Dumesic et al. 
[2, 3]

 expanded on this notion and 

suggested an array of biologically-derived platform chemicals such as 2-pyrones offering unique 

opportunities for the conversion of renewable carbohydrates to families of commodity chemicals 

used by society. We’re interested in understanding the catalytic processes involved in converting 

various biomass-derived platform chemicals into different value-added chemicals and thus 

establishing a beginning foundation of key intermediates that can used in the production to a 

wide range of other chemical intermediates.   

        The most commonly studied biomass feedstocks are plant-based sugars that can produce 

various polyols and cyclic ethers that contain significant amounts of oxygen which make them 

unsuitable for fuels and undesirable as chemical intermediates.
[4-20]

 The production of value-

added chemicals from these feeds therefore requires catalytic processes that can selectively 

remove oxygen either as CO2, CO or as water. Catalytic deoxygenation can be accomplished by 

various different reactions including decarboxylation, decarbonylation, dehydration and C-O 

hydrogenolysis. Of these reactions, selective C-O hydrogenolysis over heterogeneous catalysts 

represents an important class of reactions for the production of high value chemicals without 

carbon loss. Supported metal catalysts are often used to carry out C-O hydrogenolysis. For 
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example, glycerol hydrogenolysis to form a mixture of diols has been studied over various 

supported-metal catalysts including Cu, Ru, Rh, Pt and Pd. 
[21-50]

 Recent experimental work 

suggests that Rh, Pt, and Ir catalysts promoted with Re or Mo display not only high activity, but 

also high selectivity in the hydrogenolysis of cyclic ethers such as tetrahydrofurfural alcohol 

(THFA) and polyols such as glycerol and 1,2,6-hexanetriol to their corresponding α, ω-diols. 
[51-

74]
 Also direct hydrogenolysis of plant-based sugars and sugar polyols such as sorbitol and xylitol 

on Re promoted Ir catalysts can yield the corresponding α, ω-diol or even n-alkanes with high 

activity and selectivity.
 [75, 76]

  

        Very different reaction patterns are observed, however, in the hydrogenolysis of these cyclic 

ethers and polyols over non-promoted metal catalysts. Take THFA as an example, over non-

promoted Rh catalyst, about 68% 1,2-pentanediol and 18% 1,5-pentanediol are formed, while 

over Re-promoted Rh catalyst, nearly 94% 1,5-pentanediol is formed with essentially no 

formation of 1,2-pentanediol.
[51]

 Despite the growing body of experimental work, the 

understanding of the fundamental reaction mechanisms that govern the rate and selectivity of C-

O bond scission reactions of cyclic ethers and polyols over both non-promoted and Re-promoted 

metal catalysts is still poorly understood. Little is known about the promotional role of Re or the 

mechanisms for the hydrogenolysis of cyclic ethers and polyols over the non-promoted metal 

catalysts.  

        In addition to the unique changes that occur upon alloying with oxophilic promoters, the 

actual structure and make-up of cyclic ethers and polyols can also significantly influence the 

hydrogenolysis of cyclic ethers and polyols. A detailed analysis of the hydrogenolysis of various 

cyclic ethers and polyols carried out over the supported Rh-Re catalysts indicates hydroxyl 

groups that sit α to the C-O bond that is activated can significantly influence the selectivity and 
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activity for hydrogenolysis.
[51, 72]

 Cyclic ethers such as THFA and polyols such as 1,2-

propanediol, glycerol and 1,2,6-hexanetriol with α-OH demonstrate high reactivity and high 

selectivity over the C-O bonds with more substituted carbon sites, while without α-OH 

substituent cyclic ethers such as methyl-tetrahydrofuran (MTHF) and polyols such as 1,5-

pentanediol shows 30 fold decrease in hydrogenolysis activity as well as a marked difference in 

product selectivity.
 [51, 72]

 Still, how the α-OH influences the reactivity of the cyclic ethers and 

polyols is unknown.  

        In order to elucidate the nature of the active sites and the mechanisms that control 

hydrogenolysis, we have carried out a first principle quantum chemical calculations to examine 

in detail the effects the base metal, the influence of the second metal and oxophilic promoter, the 

specific structure and composition of the active site, as well as the role of the cyclic ether and 

polyol reactants on the catalytic reactivity and selectivity.  

        Unlike the petroleum-based reactions that typically occur in gas phase or in hydrocarbon 

solvents, the conversions of biomass-based feedstocks are often carried out in aqueous media. 
[4, 

5, 20]
 Protic solvents can play an important role in carrying reactions by stabilizing polar or 

charged transition states and can in some cases co-catalyze reactions by allowing for proton 

transfer. For example, in the hydrogenolysis of THFA over the Rh-Re, the rate of reaction is very 

high if the reaction is carried out in aqueous solution and negligible if the reaction is carried out 

in 1,4-dioxane. 
[63]

 Thus, to understand the fundamental mechanisms of the catalytic conversion 

of biomass-based feedstocks in aqueous solutions, both the enthalpic as well as the entropic 

changes that result due to the presence of solution have to be considered. The entropy effects can 

be just as important as the enthalpic effects as they require significant changes to local structure 

and solvent environment which can require the re-organization of the solvent molecules. As such 
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entropic effects become important, the changes in the elementary steps that can occur can alter 

the overall potential energy surface and our understanding of which elementary steps control the 

rate. Ab initio molecular dynamics simulations more accurately treat the change in free energy 

than the traditional DFT methods and can be used to more carefully assess the influence of the 

reaction environment. 
[77-83]

 These simulations, however, are significantly more computationally 

intensive. In this work, we use the more rigorous ab initio molecular dynamics methods to 

examine the effects of temperature and entropy on the catalytic reactions that occur in solution 

and at the solvent/metal interfaces in the hydrogenolysis of cyclic ethers and polyols over Rh-Re 

catalysts. As far as we know, there are no reported studies in the literature on the effects of 

entropy for reactions that occur at the solvent/metal interfaces.  

        The mechanisms involved in the selective hydrogenolysis of the model cyclic ether THFA 

over non-promoted model Rh surfaces were examined in my Master’s thesis. 
[84] 

Chapter 2 

extends this work on ethers to polyols and examines C-O hydrogenolysis of 1,2-propanediol over 

non-promoted Rh surface. More specifically we examine the possible paths for the C-O bond 

activation of 1,2-propanediol at both the less substituted terminal carbon to form 2-propanol and 

the more substituted center carbon to form 1-propanol. Kinetics analyses are performed to 

understand which step governs the reactivity and selectivity in the hydrogenolysis process. 

Structural effects on the reactivity of polyols are explored by comparing 1,2-propanediol with the 

corresponding mono-functional alcohols 1-propanol and 2-propanol. 

           Chapter 3 explores the mechanisms for the hydrogenolysis of THFA and other cyclic 

ethers and polyols on the Re-promoted Rh catalyst. As the selectivity for the hydrogenolysis of 

THFA over Rh-Re catalyst is not consistent with the metal catalyzed mechanism, experimental 

results along with our previous DFT calculations suggest that acid sites are formed on the Rh-Re 
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catalyst 
[72, 73]

 and participate in a bifunctional mechanism. Herein, we examine in detail the 

plausible paths and mechanisms for the hydrogenolysis of THFA at the bifunctional Rh-Re 

catalyst including the ring opening step at the acid sites and the hydrogenation steps at the metal 

sites. Different acid sites on the Rh-Re catalyst are investigated for the ring opening of THFA to 

understand the influence of the acidity of the acid sites. The structural effects of the α-C-OH in 

the molecule of THFA and the solvent effects on the reactivity of THFA are also illustrated. The 

paths and mechanism are then extended to other cyclic ethers and polyols. In addition, we extend 

the efforts to a range of other bimetallic surfaces/particles comprised of a reducible metal (Rh, 

Pt, Ir and Pd) to carry out the hydrogenation reactions and an oxophilic promoter metal (Re, Mo, 

W and Ru) to carry out acid catalyzed steps.  

        Chapter 4 more thoroughly examines the possible acid sites on the Rh-Re surfaces as there 

are different interpretations of the XANES and EXAFS results which result in different 

suggestions as to the nature of the active Re site. Detailed studies by Davis et al. 
[85]

 suggest that 

the Re is partially oxidized and that the active sites may be Re-OH groups which might suggest 

the presence of Brønsted acid sites.  Studies by Miller et al. 
[73] 

report very similar XANES 

results but suggest that the Re is fully reduced which might suggest that the Re act as Lewis acid 

sites or that adsorbed water at these sites behaves as a Brønsted acid.
  
We show that hydroxyl 

groups as well as water are strongly bound to the Re sites and result in Brønsted acid sites that 

can catalyze the ring opening of THFA. The unoccupied metallic Re sites on the Rh-Re surface 

act as Lewis acid sites and can also catalyze the ring opening of THFA. The activation barriers 

and overall reaction energies for the adsorption, desorption and the dissociation of water are used 

together with microkinetic models in order to try to predict the relative amounts of the different 

acid sites on the Rh-Re surface under the reaction condition to elucidate the most plausible active 
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acid sites on the Rh-Re catalyst. 

        In Chapter 5, we continue to study the heterolytic dissociation of the adsorbed water and 

hydroxyl at the Re sites on Rh-Re surface in water to understand the form of solid Brønsted acid 

site on the Rh-Re surface in water by exploring both the dissociated hydronium ion as well as the 

non-dissociated surface solid acids. Constrained molecular dynamics simulations are used to 

quantify the free energy changes for the dissociation reactions, as well as the ring opening 

reaction of THFA at the acid sites on the Rh-Re surface to further understand the effects of 

entropy. 
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Chapter 2-Hydrogenolysis of 1,2-Propendiol over Rh(111) Surface 

2.1 Introduction 

        The mechanisms involved in the selective hydrogenolysis of cyclic ethers such as THFA 

over non-promoted Rh catalysts were examined in detail in my Master’s thesis.
 [84]

 The results 

showed that the activation of the C-O bond of THFA at the less-substituted secondary and more-

substituted tertiary carbon centers occur after all the hydrogens on the carbon that is activated are 

eliminated. The more substituted carbons present steric constraints that result in higher C-H 

activation barriers than those on the less-substituted carbon sites. The ring opening of THFA 

therefore was found to be favored at the less substituted carbon resulting in higher selectivity of 

1,2-pentanediol over that of 1,5-pentanediol which agrees with experimental results.
 [51]

 In this 

work, we extend these ideas to C-O hydrogenolysis of polyols over non-promoted Rh surfaces 

before examining the promoter effects of Re or Mo in the next chapter.  

        In general, the hydroxyl groups in sugar polyols can be characterized by the degree of 

substitution of the carbon at which they are bound thus resulting in terminal primary OH groups 

and central secondary or tertiary OH groups. The most studied polyol is glycerol, which contains 

two –OHs at the two symmetric terminal carbons and one –OH at the center carbon. The 

hydrogenolysis of glycerol has been examined over various monometallic catalysts.
 [21-50]

 The 

main products that form on the monometallic systems tend to result from the activation of the 

terminal C-O bond to form 1,2-propanediol (1,2-PDO), the scission of the C-C bond to form 

ethylene glycol and minor amounts of central bond C-O scission to form 1,3-propanediol and 

other over-hydrogenolysis products. Most of these studies focused on controlling the selectivity 

between 1,2-propanediol and ethylene glycol by altering the solution pH or by adding co-

catalysts. There has been somewhat less focus on altering the selectivity between the breaking of 
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the terminal -OH and the center -OH. While there is a higher selectivity of 1,2-propanediol than 

1,3-propanediol in the hydrogneolysis of glycerol, we are not able to tell which of C-OH bonds is 

more reactive since there’re two times more terminal OH groups, and due to the loss of both diol 

products via subsequent hydrogenolysis paths that lead to other by-products. Even though 

glycerol hydrogenolysis has been studied in detail in the literature, the mechanism for C-O bond 

hydrogenolysis remains in question. Thus, here, we use 1,2-propenediol instead of glycerol as a 

simple model polyol compound with only one terminal C-OH and one center C-OH in the 

structure to explore the mechanism of the selective hydrogenolysis of polyols on Rh catalysts.  

1,2-PDO is also a valuable biomass-based platform chemical as it can be used to form 1- and 2-

propanol which are also valuable chemical intermediates used in solvents, printing inks and in 

the production of n-propyl acetate. 
[86, 87]

 Compared with the mono-functional alcohols, there is 

the extra -OH groups that resides alpha to the C-OH bond that is activated that may influence the 

C-O hydrogenolysis activity.  Herein we compare the hydrogenolysis of 1,2-propanediol with its 

corresponding mono-functional alcohol 1-propanol and 2-propanol to explore the effects of the 

α-OH.  

        The hydrogenolysis of 1,2-PDO at the terminal carbon results in the formation of 2-

propanol (2-PO) whereas the hydrogenolysis at the central carbon atom results in the formation 

of 1-propanol (1-PO) as shown in Figure 2.1. The subsequent C-O hydrogenolysis of the 

resulting propanol products ultimately lead to formation of propane. Various studies indicate that 

dehydrogenation of polyols and monofunctional alcohols tends to precede C-O bond 

hydrogenolysis over metal catalysts.
[88]

 Glycerol hydrogenolysis is thought to proceed via the 

formation of glyceraldehyde which can further react to form 1,2 and 1,3 propanediol as well as 

other intermediates on Ru and Pt catalysts.
 [39]

 In the theoretical calculations for the  
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hydrogenolysis of 1,2-PDO, we examined all the possible pathways for the hydrogenolysis of 

1,2-PDO through different intermediates that result from the different H elimination steps in 

order to establish the most plausible paths for the hydrogenolysis of 1,2-PDO at the terminal as 

well as the secondary  -C-OH sites.  

 

 

Figure 2.1 C-O hydrogenolysis of 1,2-propenediol to form 1-propanol and 2-propanol and the 

continuing C-O hydrogenolysis of 1-propanol and 2-propanol to form propane. 

 

2.2 Computational Methods 

        All of the calculations reported herein were carried out using periodic plane-wave gradient-

corrected density functional theory methods as implemented in the Vienna ab initio Simulation 

Package (VASP). 
[89-92]

 The Perdew-Wang 91 (PW91) 
[93]

 form of generalized gradient 

approximation (GGA) exchange correlation functional was used to provide the non-local 

gradient-corrections to exchange and correlation energies. Wave functions were constructed by 

using projector augmented wave potentials (PAW) 
[94, 95]

 within a cutoff energy of 396.0 eV.  

       The close-packed 3x3 Rh (111) surface with four metal layers and 15 Å of vacuum 

separating slabs in the z-direction was used for all of the calculations reported herein. The top 

two metal layers were allowed to relax in the calculations whereas the bottom two layers were 

held fixed to their bulk position. The electronic energies were converged to within 10
-6

 eV. The 

geometric structures for all of the calculations were optimized until the forces were converged to 
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within 0.05 eV/ Å using a 6×6×1 Monkhorst-Pack 
[96]

 k-point mesh to sample the first Brillouin 

zone. The convergence criteria of 0.05 eV/Å was verified by further optimizing a set of 

structures presented in this paper to a convergence criteria of 0.01 eV/Å. This tighter 

convergence criteria resulted in changes to the overall energy of < 0.02 eV, which is believed to 

be smaller than the intrinsic error in the method. The energies of the adsorbates in vacuum were 

calculated spin-polarized using an 18×18×18 Å unit cell with the Γ only k-point mesh.  

        The nudged elastic band (NEB) method
 [97]

 was used to find reaction coordinates by linearly 

interpolating 16 images between the initial and final states and then minimizing the energy of the 

string of images until the forces perpendicular to the reaction path converged within 0.25 eV/ Å. 

Reliable estimations of the transition state and reaction mode were obtained from the NEB 

results and used in the dimer method to isolate the transition states and establish the lowest 

energy path. 
[98]

 The dimer methods use two images that close to the transition state to form a 

‘dimer’ structure. The transition state was located by moving the ‘dimer’ uphill along the 

potential energy surface. The ‘dimer’ is also rotated along this path in order to follow the lowest 

curvature mode of the potential energy. The dimer calculations were carried out until the forces 

perpendicular to the reaction mode were converged to within 0.05 eV/ Å at a 6x6x1 k-point mesh 

to sample the first Brillouin zone.     

        Charge analysis was performed by using the QUAMBO 
[99-102]

 method,
 
which transforms 

the wave-functions of the VASP calculations into spatially localized non-orthogonal quasi-atomic 

orbitals. This transformation provides information about the atomic orbitals of the system, and 

permits a Löwdin charge and bond order analysis.
 [103, 104]

 

        The binding energies of the surface species were calculated as:  

ΔEads = EM + i - EM - Ei      (2.1) 
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where EM+i is the total energy of the metal surface with the adsorbate i bound to the metal, EM  is 

the total energy of the bare metal surface and Ei is the total energy of the adsorbate in gas phase.  

        The activation barriers and reaction energies were calculated as:  

ΔEACT = ETS - ER      (2.2) 

       ΔErxn = EP - ER             (2.3) 

respectively where ETS is the total energy of the transition state, ER is the total energy of the 

reactant state and EP is the total energy of the product state. For ER and EP, if more than one 

species are adsorbed on the surface, they were calculated as: 

ER or EP = EM+1 + EM+2 +··· EM+n - (n-1)EM        (2.4) 

where EM+1 is the total energy of the metal surface with adsorbed species 1 and similarly EM+2 

and EM+n are the total energies of the metal surface with adsorbed species 2 and species n with 

the assumption that there is no interaction between species  on the metal surface.  

        In the kinetics analyses, the reaction rate for each surface reaction elementary step is 

calculated using transition state theory, with the rate given by  

)exp(
RT

E
r i

ii


       (2.5) 

where υi is the pre-exponential factor, R is the gas constant, T is the temperature, and ΔEi is the 

activation barrier for the elementary reaction i. The pre-exponential factor υi were chosen herein 

to be standard statistical mechanical estimates for surface processes. For unimolecular surface 

reactions and (immobile) bimolecular reactions, the pre-exponential factors were estimated to be 

10
13

.
[105, 106]

 The pre-exponential factors for desorption were also estimated from statistical 

mechanics to be on the order of 10
13

.
[105, 106]

 According to the literature, the simulated results 

were not significantly affected by changes in the pre-exponential factors.
 [105]

    

        The adsorption rates were calculated by
 [107-109] 
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        (2.6) 

where s0 is the sticking coefficient, Pi is the partial pressure of species i, AS is the area of one 

surface site, and mi is the molecular weight of species i. Here, we take the sticking coefficient of 

hydrogen to be 0.1 based on the literature 
[110]

 and the sticking coefficient of 1,2-PDO to be 1.0 

for simplification as there’s no experimental results reported. The influence of the choice of the 

sticking coefficients in the range of 0~1.0 is small according to the literature.
[105]

 The kinetics 

analyses herein were performed at the temperature of 300 K with the H2 pressure of 1.0 bar. 1,2-

PDO is taken as gas phase reactant with a gas phase pressure of 1.0 bar.  

      The ordinary differential equations in the kinetics analyses were solved by Matlab
 [111]

 using 

ode45 function. 

 

2.3 Results and Discussions 

2.3.1 Hydrogenolysis of 1,2-PDO at the less substituted terminal carbon      

        The possible overall paths for the hydrogenolysis of 1,2-PDO at the terminal carbon shown 

in Figure 2.2 involve C-H activation as well as O-H bond activation steps, and ultimately C-O 

activation. The sequence of steps can be different and as such result in the formation of various 

intermediates. First principle DFT calculations were used to calculate the overall reaction 

energies as well as the activation barriers for each of these steps and to probe the most favorable 

paths for the hydrogenolysis of 1,2-PDO at the terminal carbon as well as the central carbon. 
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Figure 2.2 Possible paths for the hydrogenolysis of 1,2-propenediol at the terminal carbon on 

Rh(111) surface. The elementary steps in the red frame are paths that proceed via α-C-H 

elimination intermediates, while the others are paths that proceed via β-C-H elimination 

intermediates. The activation energies and reaction energies for steps are listed in the form of 

ΔEact/ΔErxn in the unit of kJ/mol. The * represent sites on the molecule that are bound to the 

metal surface. The steps in red represent C-H or O-H activation steps whereas the steps in blue 

involve C-O activation. 

 

 

        As shown in Figure 2.3, 1,2-PDO adsorbs on the Rh(111) surface through the two hydroxyl 

oxygen atop two adjacent Rh atoms with one Rh-O (at the terminal carbon) distance of 2.38 Å 

and another Rh-O (at the central carbon) distance of 2.53 Å. A hydrogen bond is also formed 

between the two hydroxyl group with OH···OH distance of 2.18 Å. The adsorption energy is 

calculated to be -45 kJ/mol, which is slightly higher than the reported adsorption energy of 

ethanol on Rh(111) surface through only one hydroxyl group (38 kJ/mol).
 [26]

 The adsorbed 1,2-

PDO can then activate the O-H bond at the terminal carbon to form an alkoxy intermediate 

CH3CH(OH)CH2O*. The O-H activation of 1,2-PDO at the terminal carbon proceeds through the 

typical metal insertion mechanism via a classic 3-center Rh-O-H transition state which has an 
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Rh-O distance of 2.14 Å, an O-H distance of 1.46 Å and an Rh-H distance of 2.08 Å as shown in 

Figure 2.3. It is noted that in the transition state, the hydrogen bond between the central 

secondary OH group and the oxygen of the terminal OH group is still intact with an OH···OH 

distance of 2.15 Å. The activation energy is calculated to be 67 kJ/mol, which is the same with 

the reported energy barrier for the O-H activation of glycerol at the terminal carbon on Rh(111) 

surface (67 kJ/mol). 
[26] 

  

 

 

Figure 2.3 DFT calculated reactant, transition state and product structures for the O-H bond and 

the first C-H bond activation of 1,2-PDO at the terminal carbon.  

 

        1,2-PDO can also activate one of the C-H bonds at the terminal carbon to form the 

CH3CH(OH)CH*-OH intermediate as shown in Figure 2.3. This step also proceeds through a 

metal insertion with a 3-center Rh-C-H triangle state structure with an Rh-C distance of 2.32 Å, a 

C-H distance of 1.48 Å and an Rh-H distance of 1.62 Å. The activation energy was calculated to 

be 64 kJ/mol, which is somewhat lower than the reported C-H activation of glycerol at the 

terminal carbon (74 kJ/mol).
 [26]

 The higher energy barrier for the C-H bond activation of 

glycerol at the terminal carbon is likely due to the change in the intramolecular hydrogen bond 

between the central –OH group and the terminal –OH group. The energy barrier for the C-H 

activation is slightly lower than the O-H activation at the terminal carbon of 1,2-PDO, indicating 
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the C-H bond activation is slightly more favorable than the O-H activation.  

        After the CH3CH(OH)CH*-OH hydroxyalkyl intermediate is formed, it can continue to 

react via the activation of the O-H bond at the terminal carbon to form the aldehyde intermediate 

CH3CH(OH)CH*=O* with the energy barrier of 56 kJ/mol. The hydroxyalkyl intermediate can 

also react by activating the second C-H bond to form the CH3CH(OH)C**-OH intermediate that 

binds at the bridge site of the Rh(111) surface with the energy barrier of 80 kJ/mol. The barrier is 

~16 kJ/mol higher than the activation of the first C-H bond (64 kJ/mol). This trend is different 

from what we found in the C-H activation of cyclic ether tetrahydrofurfural alcohol (THFA) 

where the activation of the second C-H bond at the secondary ether carbon was found to be 

easier than that of the first C-H bond.
 [84] The results shown in Figure 2.4 indicate that upon 

breaking the second C-H bond, the terminal carbon moves from the atop site to the bridge site on 

the Rh(111) surface, which forces the -OH at the center carbon to change from the bound state to 

the unbound state. From the reactant to the transition state, the Rh-O distance for the –OH at the 

center carbon increases from 2.26 Å to 2.43 Å, indicating the weaker binding of the –OH at the 

center carbon in the transition state. As well, the distance for the intramolecular hydrogen bond 

between the two –OHs increases from 2.27 Å in the reactant to 3.03 Å in the transition state, 

indicating weaker hydrogen bond in the transition state. It is the weaker binding of the –OH at 

the center carbon to the metal surface and the weaker intramolecular hydrogen bond in the 

transition state that results in the higher energy barrier for the second C-H bond activation at the 

terminal carbon.  
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Figure 2.4 DFT calculated reactant, transition state and product structures for the O-H activation 

(A), C-H activation (B) and C-O activation (C) of the CH3CH(OH)CH*OH intermediate and the 

C-O activation of the aldehyde intermediate CH3CH(OH)CH*=O* (D). 

 

        Besides continuing to activate the O-H bond or the secondary C-H bond, the 

CH3CH(OH)CH*-OH intermediate can also directly activate the C-O bond to form the 

CH3CH(OH)CH** and OH* intermediates as shown in Figure 2.4. We can see that in the 

transition state, the C-O bond elongates from 1.39 Å to 2.27 Å and the distance for the 

intramolecular hydrogen bond between the two –OHs decreases from 2.27 Å to 1.70 Å, 

indicating stronger hydrogen bond in the transition state. The energy barrier is calculated to be 

only 64 kJ/mol. Comparison of these O-H, C-H and C-O activation steps of CH3CH(OH)CH*-

OH shows that the O-H activation to form the aldehyde intermediate CH3CH(OH)CH*=O* is the 
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most favorable with the lowest energy barrier. The C-O double bond activation of the aldehyde 

intermediate CH3CH(OH)CH*=O* at the terminal carbon to form CH3CH(OH)CH** and O*  

however is difficult with the energy barrier of 113 kJ/mol as shown in Figure 2.4.  

      The reaction energy diagrams for the different paths involved in the activation of the terminal 

C-O bond of 1,2-PDO result in different intermediates depending upon whether the reaction 

proceeds via C-H, O-H or C-OH bond activation as is shown in Figure 2.5. The most favorable 

path for the activation of 1,2 PDO involves the activation of the terminal C-H bond to form the 

CH3CH(OH)-CH
*
OH hydroxyalkyl intermediate which can subsequently undergo C-OH, O-H or 

C-H bond scission. The results shown in Figure 2.5 indicate that the hydroxyalkyl intermediate 

preferentially reacts via O-H scission to form the CH3CH(OH)-CH
*
=O

*
 aldehyde (56 kJ/mol).  

While the aldehyde readily forms, it cannot undergo the subsequent C-O activation to result in 

the hydrogenolysis of the C-O.  It instead reacts via C-OH activation to form the deoxygenated 

CH3CH(OH)-CH
**

 along with *OH with a barrier of only 64 kJ/mol, which is only 8 kJ/mol 

higher than that to form the aldehyde.  The hydroxyalkyl intermediate can also undergo a second 

C-H activation step. The barrier for this step however is rather prohibitive at 80 kJ/mol. This is 

rather different than what we found in the hydrogenolysis of cyclic ether THFA on Rh(111) 

surface which proceeds via two subsequent C-H activation steps prior to C-O scission. [84]   
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Figure 2.5 DFT-calculated reaction energy profiles for the different paths involved in the 

activation of the C-O bond of 1,2-PDO at the terminal carbon through different intermediates 

formed via C-H and O-H activation. 

 

        Oxametallacycle intermediates formed via β-C-H activation have been reported 

experimentally on Rh(111) in the decomposition of ethanol.
 [88]

 Thus, we also examined the paths 

of the hydrogenolysis of 1,2-PDO at the terminal carbon on Rh(111) surface through β-C-H 

activation intermediates as shown in Figure 2.2 (Rxn 13-17). It was found that the most favorable 

path for the C-O bond breaking of 1,2-PDO at the terminal carbon through β-C-H activation 

intermediates is that 1,2-PDO activates the C-H bond at the center carbon to form the 

intermediate CH3C*(OH)CH2OH, followed by the subsequent activation of the terminal O-H 

bond to form the oxametallacycle intermediate CH3C*(OH)CH2O*,which then breaks the C-O 

bond to form an enol intermediate CH3C*(OH)=CH2* and O*. The activation energy associated 

with activating the β-C-H bond at the more substituted center carbon (83 kJ/mol) (Rxn 13) is 

higher than activating the α-C-H bond (64 kJ/mol) (Rxn 2) at the less substituted terminal carbon.  
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The paths associated with the hydrogenolysis of 1,2-PDO through the β-C-H activation is not as 

favorable as the paths through α-C-H bond activation intermediates as discussed above.       

 

2.3.2 Hydrogenolysis of 1,2-PDO at the more substituted center carbon 

        The reaction paths associated with the hydrogenolysis of 1,2-PDO at the more substituted 

center carbon were also examined.  The results which are reported in Figure 2.6 indicate that 1,2-

PDO can react either via the activation of the central O-H bond to form the CH3CHO*-CH2OH 

alkoxide (71 kJ/mol), the central C-H bond to form the secondary CH3C*OH-CH2OH 

hydroxyalkyl (83 kJ/mol). The activation of the O-H bond proceeds over the Rh(111) surface via 

metal insertion into the O-H bond as shown in Figure 2.7 resulting in a barrier of 71 kJ/mol, 

which is slightly higher than that for the activation of the O-H bond at the terminal carbon atom 

(67 kJ/mol). 1,2-PDO can also react via the scission of the C-H bond at the central carbon center 

to form central secondary CH3C*(OH)-CH2OH hydroxyalkly intermediate  shown in Figure 2.7 

with a barrier of 83 kJ/mol, which is 19 kJ/mol higher than that required to activate the terminal 

secondary C-H bond at the terminal carbon (64 kJ/mol). This higher barrier to activate the C-H 

bond at the more substituted carbon results from steric repulsion between the -CHOH substituent 

and vicinal Rh atoms that result as the active Rh atom inserts into the C-H bond. Similar results 

which demonstrate the selective activation at the least substituted C-H bond have also been 

reported in the hydrogenolysis of THFA and glycerol.
 [26, 84]
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Figure 2.6 Possible paths for the hydrogenolysis of 1,2-PDO at the center carbon on Rh(111) 

surface. The activation energies and reaction energies for steps are listed in the form of 

ΔEact/ΔErxn in the unit of kJ/mol. The * represent sites on the molecule that are bound to the 

metal surface. The steps in red represent C-H or O-H activation steps whereas the steps in blue 

involve C-O activation. 

 

 

Figure 2.7 DFT calculated reactant, transition state and product structures for the O-H and C-H 

activation of 1,2-PDO at the center carbon. 

 

        The results in Figure 2.7 show that the activation of the O-H bond of at the central carbon of 

1,2 PDO is actually more favorable than the activation of the C-H bond at this same C center as 

the barrier for O-H activation is 12 kJ/mol lower than that for C-H activation. This is 

characteristically different from the activation of the 1,2 PDO at the terminal carbon which 

proceeds via C-H bond activation. The CH3CH(O*)-CH2OH alkoxide that forms upon the 
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secondary CO-H activation of 1,2-PDO can either react via the scission of the C-O bond to form 

the CH3CH-CH2OH* + O* or via the scission of the secondary C-H bond to form the 

CH3C*=O*-CH2OH ketone. The barrier to break the C-O bond of the secondary alkoxide was 

calculated to be very high at 158 kJ/mol and as such does not occur. The alkoxide instead 

preferentially activates its center C-H bond with a barrier of 51 kJ/mol to form CH3C*=O*-CH-

2OH ketone as shown in Figure 2.8. This barrier is ~32 kJ/mol lower than that for the C-H bond 

activation of 1,2-PDO at the center carbon (83 kJ/mol) thus indicating that the O-H bond 

activation at the center carbon facilitates the subsequent C-H bond activation.  

        The subsequent activation of the C=O bond of the ketone to form CH3C*-CH2OH is very 

difficult with the energy barrier of 108 kJ/mol, which is similar to the energy barrier for the C-O 

double bond breaking of the aldehyde intermediate shown above (113 kJ/mol). The energies 

reported in Figure 2.8 indicate that ketone can instead react with hydrogen via the H-addition to 

the O* to form the CH3C*(OH)-CH2OH hydroxyalkyl intermediate with a barrier of 77 kJ/mol. 

The hydroxyalkyl intermediate can then undergo direct C-O bond scission with a much lower 

activation barrier of 53 kJ/mol. The energy diagrams for the direct C-O double bond activation 

and the H* assisted C-O double bond activation of the ketone intermediate CH3C*=O*-CH2OH 

were shown in Figure 2.9. We can see the overall energy barrier for the H* assisted C-O double 

bond activation path is 77 kJ/mol, which is much lower than the energy barrier for the direct C-O 

double bond activation path (134 kJ/mol).  
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Figure 2.8 DFT calculated reactant, transition state and product structures for the C-H activation 

of the alkoxy intermediate CH3CH(O*)CH2OH (A), C-O activation of the ketone intermediate 

CH3C*=O*CH2OH (B), H addition of the ketone intermediate CH3C*=O*CH2OH (C)  and the 

C-O activation of the intermediate CH3C*(OH)CH2OH (D).   

         

        The hydrogenolysis of the central C-OH can also proceed via the initial activation of the β-

C-H bond which resides at the terminal carbon as shown in Figure 2.6 (Rxn 8-12). As was 

discussed earlier, the activation of the terminal C-H bond of 1,2-PDO (64 kJ/mol) is 19 kJ/mol 

lower than that for the activation of the central C-H bond due to the avoidance of the steric 

repulsion of the terminal C-H bond. The barrier to activate the terminal C-H bond is also slightly 

(7 kJ/mol) lower than that for activating the O-H bond at the central secondary carbon. As such 

1,2-PDO can activate the β(terminal)-C-H bond to form the terminal hydroxyalkyl intermediate 
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(CH3CH(OH)CH*OH) and can subsequently activate the central O-H bond at the secondary 

carbon to form the CH3CH(O*)CH*OH oxametallacycle intermediate. The C-O bond of the 

oxametallacyle can subsequently rupture to form a CH3CH*=C*HOH enol intermediate and O* 

with a barrier of 77 kJ/mol. The CH3CH*=C*HOH enol and O* can then be hydrogenated to 

form the products, 1-PO and water. O*, however, is strongly bound to Rh(111) and as such is 

difficult to hydrogenate as it must overcome a barrier of 119 kJ/mol. As such, the paths for the 

hydrogenolysis of 1,2-PDO at the center carbon through the activation of the β-C-H bond is not a 

favorable path.   

 

 

Figure 2.9 Energy diagrams for the C-O breaking of the ketone intermediate CH3C*=O*CH2OH 

through the direct path (blue) and the H* assisted path (red). 

 

       We thus concluded that the C-O breaking of 1,2-PDO at the center carbon proceeds via the 

formation of the CH3C*(OH)-CH2OH hydroxyalkyl intermediate, which cannot be formed by the 

direct activation of the α-C-H bond due to the steric repulsion that results from the CHOH 
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substitute. It is formed instead via the activation of the central O-H bond which promotes the 

subsequent C-H activation and equilibrates the dehydrogenation of 1,2-PDO to the 

corresponding CH3(C*=O*)-CH2OH. The ketone can hydrogenate to form the hydroxyalkyl 

intermediate which is the active intermediate for breaking the C-O bond. The path for the  

hydrogenolysis of the secondary C-OH bond of 1,2 PDO summarized in Figure 2.10 is 

characteristically different from that for the hydrogenolysis of the terminal C-OH as the terminal 

C-H bond is not sterically hindered and can react to directly form the hydroxyalkyl intermediate 

which subsequently dissociates.   

 

 

Figure 2.10 Energy diagrams for the plausible path of C-O breaking of 1,2-PDO at the center 

carbon. 

 

2.3.3 Kinetics Analysis of the hydrogenolysis of 1,2-PDO 

        The energy diagrams for the plausible paths of the hydrogenolysis of 1,2-PDO at both the 

less substituted terminal carbon and the more substituted center carbon were shown in Figure 

2.11. The adsorption energies, overall reaction energies and activation barriers for these 
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elementary steps were used along with the estimates of the pre-exponential factors for each step 

to calculate the corresponding rate constants (k) for each step. The elementary steps together with 

the corresponding rate constants were used along with the temperatures and partial pressures of 

the reactants as input to a microkinetic model to simulate the hydrogenolysis of 1,2-PDO to form 

1-PO and 2-PO on the Rh(111) surface as a function of time.  

        The results from the simulations which are shown in Figure 2.12 indicate that at low H2 

pressures the Rh(111) surface is covered by OH*, CH3CH(OH)-CH*OH and  CH3C*=O*-

CH2OH  intermediates with coverages of 0.56, 0.41 and 0.03, respectively. This suggests that the 

hydrogenation of OH* and the activation of the C-O bond of CH3CH(OH)-CH*OH are likely 

rate-limiting steps in the hydrogenolysis of 1,2-PDO at the terminal carbon and that the 

hydrogenation of CH3(C*=O*)-CH2OH limits the hydrogenolysis of 1,2-PDO at the center 

carbon. The higher selectivity to 2-PO over 1-PO indicates that the less substituted terminal 

carbon is more reactive than the more substituted center carbon of 1,2-PDO, which is consistent 

with the hydrogenolysis of cyclic ethers such as THFA over Rh where the C-O bond is 

preferentially activated at the least-substituted carbon.
 [84]

  

        Increasing the H2 pressure increases the H* coverage on the Rh(111) surface. At high 

enough pressures, hydrogen will fully cover the entire surface, and block the hydrogenolysis 

reactions as the hydrogenolysis proceeds via dehydrogenation which requires empty sites to 

proceed. It is noted that these microkinetics analyses are based on simplisitic Langmuirian 

models and do not take into account coverage effects and multi-binding of the surface species. A 

more rigorous analysis would require kinetics Monte Carlo simulations.
[105, 106]
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Figure 2.11 Reaction energy diagrams for the plausible paths of the hydrogenolysis of 1,2-PDO 

at the terminal carbon to form 2-PO (red) and at the center carbon to form 1-PO (black). 

 

  

Figure 2.12 Coverage of several important intermediates on the Rh(111) surface (left) and the 

yield of 2-PO and 1-PO (right) during the kinetics simulation of the  hydrogenolysis of 1,2-PDO. 

 

2.3.4 Effects of α-OH on the hydrogenolysis of 1,2-PDO 

        The hydrogenolysis of mono-functional alcohol 1-PO and 2-PO were also examined and 

compared to the hydrogenolysis of the polyol 1,2-PDO, to gain insights as to the effects of the  α-

OH substituents on the hydrogenolysis of polyols. We predominantly examined the 

representative O-H activation, C-H activation and C-O activation steps discussed above for the 

hydrogenolysis of both 1-PO and 2-PO for comparison.  
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        1-PO adsorbs via its OH group and reacts via a metal insertion into the O-H bond as shown 

in Figure 2.13. The transition state structure is very similar to that for the O-H activation of 1,2-

PDO at the terminal carbon. The energy barrier is calculated to be 81 kJ/mol, which is about 14 

kJ/mol higher than the activation of the terminal O-H bond of 1,2-PDO. The lower barrier for 

1,2-PDO is likely the result of the intramolecular hydrogen bond that forms with the terminal O-

H group to help stabilize the transition state. By rotating the OH group in the 1,2-PDO we can 

artificially eliminate the hydrogen bond. While the terminal O-H activation barrier increases to 

70 kJ/mol, it is still ~11 kJ/mol lower than that for the O-H bond activation of 1-PO. From 

Figure 2.13, we can see that the activation of the terminal O-H of 1,2-PDO, results in a 

significant decrease in the Rh-OH distance at the central C from  2.53 Å in the reactant to about 

2.36 Å in the transition state. This suggests a strong stabilization of the transition state via the 

interaction of the central OH bond and the Rh surface.   

        A detailed charge analysis along the reaction coordinate for the activation of the terminal O-

H bond of 1,2-PDO indicates that the charge of the metal surfaces changes from -0.23 in the 

reactant to +0.02 in the transition state as a result of electron transfer from the metal into the anti-

bonding O-H state to activate the terminal O-H bond of 1,2-PDO in the transition state. The 

charge of the Rh atom which inserts into the terminal O-H bond changes from +0.04 in the 

reactant to +0.13 in the transition state as result of the back-donation.  The charge on the vicinal 

Rh atom which binds to the oxygen at the center carbon, changes from +0.03 to +0.08.  This 

increase in positive charge at the vicinal Rh atom allows for increased electron donation from the 

central O and thus stronger interaction between the secondary C-OH group and the vicinal Rh 

site.  This increased interaction in the transition state acts to lower the barrier for the activation of 

the terminal O-H bond of 1,2-PDO.  
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Figure 2.13 DFT calculated reactant and transition state structures for the O-H activation of 1,2-

PDO at the terminal carbon with intramolecular hydrogen bond (left-A), without intramolecular 

hydrogen bond (left-B) and O-H activation of 1-PO (left-C); O-H activation of 1,2-PDO at the 

center carbon with intramolecular hydrogen bond (right-A), without intramolecular hydrogen 

bond (right-B) and O-H activation of 2-PO (right-C).    

 

        The barrier to activate the O-H bond of 2-PO was calculated to be 82 kJ/mol, which is 11 

kJ/mol higher than that to activate the central O-H of 1,2-PDO. A close analysis of the structures 

shown in Figure 2.13 reveals a decrease in the Rh-OH bond distance between the vicinal Rh and 

the terminal OH group as the central O-H bond is activated.  This results in a stronger Rh-OH 

bond between the vicinal Rh and the terminal OH group in the transition state which stabilizes 

the transition state and lowers the barrier.   

      The transition state structure for the activation of the α-C-H bond of 1-PO (74 kJ/mol) is 

similar to that for the activation of the -C-H bond of 1,2-PDO (64 kJ/mol) at the terminal 

carbon as shown in Figure 2.14 but the barrier is ~12 kJ/mol higher. If we reorient the terminal 

OH group to eliminate the intramolecular hydrogen bond between the two –OHs as shown in 

Figure 2.14, the barrier to activate the -C-H bond of 1,2-PDO increases to 78 kJ/mol, which is 
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very close to that for the activation of the α-C-H bond of 1-PO. This indicates that the lower 

barrier to activate the -C-H bond of 1,2-PDO at the terminal carbon is due to the stabilization 

that results from the formation of an intramolecular hydrogen bond that stabilizes the transition 

state.  

        The same trend was found in comparing the activation of the central C-H bond of 2-PO and 

1,2-PDO.  The barrier to activate the central C-H bond of 1,2-PDO (83 kJ/mol) is 8 kJ/mol lower 

than that to activate the central C-H bond of 2-PO (91 kJ/mol). The decrease is due to the 

stabilization of the transition state for the 1,2-PDO via the formation of an intramolecular 

hydrogen bond.  

        The barrier to activate the second α-C-H bond of 1-PO was calculated to be 49 kJ/mol, 

which is much lower than barrier to activate the second C-H bond activation of 1,2-PDO at the 

terminal carbon (80 kJ/mol). As discussed earlier, the higher barrier associated with activating 

the second C-H bond of 1,2-PDO at the terminal carbon is due to the weak binding of –OH at the 

center carbon to the metal surface as well as the weak intramolecular hydrogen bonding in the 

transition state than in the reactant. This is due to the fact that we must break the strong 

interaction of the -OH at central carbon and the Rh surface as we move from the reactant to the 

transition state. The lower barrier for the activation of the second α-C-H bond in 1-PO helps to 

promote the subsequent activation of the C-O breaking which is similar to the results found for 

the C-O activation of cyclic ether THFA that we reported previously.
 [84]
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Figure 2.14 DFT-calculated reactant and transition state structures for the C-H activation of 1,2-

PDO at the terminal carbon with intramolecular hydrogen bond (left-A), without intramolecular 

hydrogen bond (left-B) and the C-H activation of 1-PO at the terminal carbon (left-C); C-O 

activation of the intermediate CH3CH(OH)CH*OH at the terminal carbon with intramolecular 

hydrogen bond (right-A), without intramolecular hydrogen bond (right-B) and C-O activation of 

the intermediate CH3CH2CH*OH (right-C). 

 

        The activation of the C-OH bond of the hydroxylalkyl intermediate CH3CH2CH*-OH 

formed via activation of the terminal C-H bond of 1-PO was examined as shown in Figure 2.14. 

The activation barrier of 80 kJ/mol is 16 kJ/mol higher than the barrier to activate the terminal C-

OH bond of the CH3CH(OH)CH*-OH hydroxyalkyl intermediate (64 kJ/mol) formed via C-H 

activation of 1,2-PDO.  The lower barrier involved in the activating the C-OH from the 1,2-PDO 

intermediate is due to the stabilization that results from the intermolecular hydrogen bonding 

between two –OHs of 1,2-PDO that stabilizes the transition state as shown in Figure 2.14. By 

rotating the secondary O-H group, we remove the intramolecular hydrogen bond, and the 

activation energy to activate the terminal C-OH bond of the CH3CH(OH)CH*-OH hydroxyalkyl 

intermediate increases to 78 kJ/mol, which is very close to that for the activation of the C-OH 

bond of the CH3CH2CH*-OH hydroxyalkyl intermediate formed from 1-PO.  
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        By comparing the mono-functional 1-PO and 2-PO alcohols with that for the 1,2-PDO 

polyol, we can see that the presence of neighboring α-OH groups can facilitate the O-H, C-H as 

well as C-OH bond activation from the polyols as a result of the intermolecular hydrogen 

bonding and via the formation of stronger metal-OH bond at the -OH position thus aiding in the 

hydrogenolysis of the polyols over the monofunctional alcohols.   

 

2.4 Conclusions 

        We systematically examined the possible pathways that control the hydrogenolysis of polyol 

1,2-PDO over the Rh(111) surface, and determined the most plausible paths to form the 1-PO 

and 2-PO products. The results show that the hydrogenolysis of 1,2-PDO predominantly 

proceeds at the terminal carbon to form 2-PO.  The aldehyde intermediate CH3CH(OH)CH=O is 

readily formed via the activation of the of the C-H and O-H bonds of the terminal carbon. The 

aldehyde, however, does not appear to favorably undergo C-O bond breaking. The C-O bond 

breaking of 1,2-PDO at the terminal carbon proceeds instead via the initial activation of the 

terminal C-H bond of 1,2-PDO to form the reactive CH3CH(OH)CH*OH hydroxyalkyl 

intermediate which subsequently undergoes C-OH activation.  The activation of the center C-OH 

bond of 1,2-PDO to form 1-PO also proceeds through the formation of the reactive CH3C*(OH)-

CH2OH hydroxyalkyl intermediate. The reaction cannot occur via the direct activation of the 

secondary C-H bond due to the steric inhibition of the central C-H bond. The reaction instead 

proceeds via the dehydrogenation of the central C-OH bond of 1,2-PDO followed by the 

subsequent hydrogen addition to the ketone intermediate to form the secondary hydroxyalkyl 

intermediate (CH3C*(OH)-CH2OH). Microkinetic analyses for the hydrogenolysis of 1,2-PDO 

on the Rh(111) surface at low hydrogen pressures indicate that OH* as well as 
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CH3CH(OH)CH*OH cover the Rh surface and that the hydrogenation of OH* and the C-O 

activation of CH3CH(OH)CH*OH are likely to be the rate-limiting steps. The higher selectivity 

to form 2-PO over 1-PO results from the fact that the less substituted terminal carbon is more 

reactive than the central C in the hydrogenolysis of 1,2-PDO on Rh(111) surface.  

        A comparison of the hydrogenolysis of 1,2-PDO with the mono-functional 1-PO and 2-PO  

indicates that the α-OH in 1,2-PDO facilitates important O-H, C-H as well as C-OH activation 

steps in the hydrogenolysis process.        
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Chapter 3-Selective Hydrogenolysis of Tetrahydrofurfural Alcohol over Rh-Re 

Catalyst 

3.1. Introduction 

        The  hydrogenolysis of cyclic ethers such as THFA and polyols such as 1,2-propanediol 

over Rh and other reducible transition metal catalysts tend to proceed via the activation of C-O 

bonds at the less substituted carbon centers as was just described in Chapter 2 and reported 

previously in my Master’s thesis
[84]

. This trend in selectivity, as well as the activity, is 

significantly altered by the addition of oxophilic metals such as Re or Mo to the Rh and other 

reducible transition metal catalysts including Pt, Pd and Ir.
[72]

 These alloyed catalysts show 

increases in the activity and marked changes in the selectivity as C-O activation tends to 

predominantly proceed at the more substituted carbon centers during the hydrogenolysis of 

THFA, 1,2-propenediol and other cyclic ethers and polyols.
[72]

 Hydrogenolysis over these 

promoted alloys does not appear to proceed via the metal catalyzed mechanism discussed in 

Chapter 2 as it cannot describe the observed trends in selectivity. The results suggest that a 

different mechanism is responsible for the hydrogenolysis of THFA and other cyclic ethers and 

polyols over the supported Rh-Re catalysts. 

        In order to explore the role of the Re promoter on the changes that occur in the 

hydrogenolysis activity and selectivity of cyclic ethers and polyols, we first examine the state of 

Re in the active catalyst. Detailed characterizations of the Rh-Re catalysts indicate that while Rh 

is fully reduced, Re is well dispersed resulting in an Rh-Re alloy but is not fully reduced.
[62, 

73]
 Temperature-programmed NH3 desorption experiments indicate that NH3 binds rather strongly 

on Rh-Re/C catalysts with adsorption energies of about -100 kJ/mol. 
[72, 73]

 This suggests that the 

addition of Re can lead to the formation of acidic sites on the Rh-Re catalysts, which is further 
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confirmed by the fact that the addition of a base such as NaOH quenches the catalytic activity of 

the Rh-Re catalyst in the hydrogenolysis of THFA.
[72]

 In further support for the presence of acid 

sites, Dumesic et al. 
[73]

 recently showed that the Rh-Re catalysts was quite active in the Brønsted 

acid catalyzed dehydration of fructose to 5-hydroxymethylfurfural (HMF) and found similar 

HMF selectivities as compared to the well-known solid acid catalyst ZSM-5. This indicates that 

the strength of the Brønsted acid sites over the Rh-Re catalyst and ZSM-5 are similar as the 

HMF selectivity has been suggested to correlate with the strength of Brønsted acid sites over 

solid acid catalysts. 
[112, 113]

 

       While other studies provide some insights into the possible structure and composition of 

these acid sites, recent work by Dumesic et al. 
[73]

 found that water is essential for the activity of 

the Rh-Re catalyst in the hydrogenolysis of hydroxyl-methyl-tetrahydropyran (HMTHP) and that 

the reaction rate of the hydrogenolysis of HMTHP on Rh-Re catalyst is linearly correlated to the 

water concentration of the water-THF mixture solvent. They indicate that there are metallic Re 

atoms on the surface of the Rh-Re alloy catalyst as a result of XANES and EXAFS information 

and that the presence of rhenium oxide does not appear to be necessary to impart the acidic 

functionality to the Rh-Re catalyst.
[73]

 Based on these experimental observations, they suggested 

that the acid sites on the Rh-Re catalyst may be generated from the activation of water molecules 

over the Re atoms on the surface of metallic Rh-Re particles.
[73]

 Tomishige et al.
 [69] 

recently 

examined the hydrogenolysis of THFA on the Ir-Re catalyst in n-heptane rather than water, and 

found the reaction rate in the alkane solvent is about 10 times lower than that found in water and 

the selectivity to 1,5-pentanediol decreases from about 97% in water to about 50% in the alkane 

solvent. This would also help to confirm that water is necessary to generate the acid sites on the 

Rh-Re and Ir-Re catalyst. 
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        In light of these observations, it appears that the higher selectivity to activate the C-O bonds 

at the more substituted C-centers may be the result of an acid catalyzed mechanism on the Rh-Re 

catalyst. At present, little is known about the molecular structure of the responsible acid site or 

the mechanism by which it catalyzes hydrogenolysis of cyclic ethers and polyols. The current 

focus of the work is then to explore these two issues using theoretical methods to model the acid 

site and the reaction mechanism at the atomic level.  

        In our initial theoretical calculations, we suggested that the acid sites of the Rh-Re catalyst 

may be the result of hydroxyl groups that bind strongly to the Re sites on the Rh-Re alloy 

surface, which can be generated via the activation of water on the surface of Rh-Re alloy.
[72]

 This 

is consistent with XANES results which indicates that the Re atoms maintain a partial positive 

charge.
[62]

 The DFT calculations also showed the deprotonation energies (DPE) of the Re-OH 

site on the Rh-Re alloy surface is comparable to that of the acidic zeolites, which is consistent 

with the experimental observations as the deprotonation energy is a measure of the acidity of 

Brønsted acids.
[73]

 Herein, we examine the mechanisms for the hydrogenolysis of THFA over the 

model Rh-Re surfaces where Re-OH ensembles were used as models of the acid site. The 

mechanistic insights for the hydrogenolysis of THFA were subsequently extended to a range of 

other cyclic ethers and polyols.  

 

3.2. Computational methods 

        All of the calculations reported herein were carried out using periodic plane-wave gradient-

corrected density functional theory methods implemented in the Vienna ab initio Simulation 

Package (VASP).
[89-92]

 The PW91
[93]

 form of generalized gradient approximation (GGA) 

exchange correlation functional was used to calculate the non-local gradient-corrections to 
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exchange and correlation energies. Wave functions were constructed by using projector 

augmented wave potentials (PAW) 
[94, 95]

 within a cutoff energy of 396.0 eV. 

        Herein we used the model Rh(111) surface along with well-dispersed Re-OH groups as 

shown in Figure 3.1 (left) to provide a simple model of the Brønsted acid promoted metal 

surfaces that occur on the supported Rh-Re catalysts. The Rh(111) surface was modeled using a 

4x4 unit cell with four metal layers and a 15 Å vacuum region above the metal layers, where the 

top two layers were allowed to relax and the bottom two held fixed to their lattice constant for 

Rh. The solution phase above the Rh surface was modeled by allowing 40 water molecules to fill 

the vacuum region above the surface in order to establish a density of water that is close to 1 

g/cm
3
. Three water molecules around the acid site were removed to provide the space necessary 

to activate the C-O bond of THFA. Ab initio molecular dynamics (NVT ensemble) simulations 

with all the metal atoms fixed were carried out at 400 K for 2.0 ps with the time step of 1.0 fs to 

equilibrate the water system before the structure optimizations. Nose-Hoover 
[114, 115]

 thermostat 

was used to control the temperature during the run.
 
 A 6x6x1 Monkhorst-Pack 

[96]
 k-point mesh 

to sample the first Brillouin zone and the electronic energies were converged to a tolerance of 

1x10
-6

 eV. All of the structural optimizations were carried out until the forces on all of the atoms 

were optimized to within 0.05 eV Å
-1

. For the ab initio molecular dynamics simulations, a 3x3x1 

Monkhorst-Pack 
[96]

 k-point mesh was used, and the electronic energies were converged to 

within 1x10
-4

 eV.  

        The Rh201 cubo-octahedral particle was further used to provide a more rigorous and reliable 

model of the acid sites on the Rh-Re catalysts where we explore the Re-OH site at various 

positions including the 111 and 100 terrace, edge and corner sites on the Rh201 particle shown in 

Figure 3.1. The calculations on the metal particles were all carried out without spin-polarization 
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in a 30.44 Å cubic unit cell with a minimum of 12 Å of vacuum separating particles between 

periodic cells. The electronic and geometric structures were converged to within the same 

criterion as those reported above for the Re-OH promoted Rh(111) surfaces. These calculations 

were performed using the γ-point version of VASP and the Γ k-point mesh was used to sample 

the first Brillouin zone. The dipole moments of the cell were calculated and used to correct the 

energy. For charged calculations, quadrupole corrections were also applied. The energies of the 

adsorbates in vacuum were calculated spin-polarized in an 18x18x18 Å cubic unit cell.    

        The transition states were isolated using the nudged elastic band (NEB).
[98]

 and dimer 

simulations.
[97]

 The minimum energy path was estimated using the NEB calculations with 16 

intermediates converged until the force normal to the reaction path was less than 0.25 eV Å
-1

. 

The results from the NEB simulations were used to initiate the dimer calculation, which uses a 

pair of closely-spaced structures to search for a saddle point on the potential energy surface. The 

dimer calculations were converged until the normal force was less than 0.05 eV Å
-1

 with the 

same k-point mesh and the same convergence criterion for electronic energies as the 

optimization calculations.  

        Detailed charge analyses were carried out by using the QUAMBO method, 
[99-102] 

which 

transforms the wave-functions of the VASP calculation into spatially localized non-orthogonal 

quasi-atomic orbitals. This transformation provides information about the atomic orbitals of the 

system, and permits a Löwdin charge and bond order analysis. 
[103, 104]

 
 

      The binding energies of the adsorbates at the acid sites or metal sites were calculated as:  

Eads = EM +i – EM – Ei        (3.1) 

where EM+ i is the total energy of the acid or metal with the adsorbate bound to it, EM is the total 

energy of the bare acid or metal and Ei is the total energy of the adsorbate i in gas phase.  
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        The activation barriers and reaction energies were calculated as:  

EACT = ETS - ER        (3.3) 

Erxn = EP - ER         (3.4) 

respectively,  where ETS is the total energy of the transition state, ER is the total energy of the 

reactant state and EP is the total energy of the product state.  

        The gas phase carbenium ion formation energies for ring structures such as THFA and 

MTHF were calculated as:  

ΔErxn(R+) = ERORH+ - EROR – EH+        (3.5) 

where ERORH+ is the total energy of the ring opened carbenium ion, EROR is the total energy of the 

initial ring structure before the ring opening, EH+ is the total energy of the proton.  

        Similarly, the gas phase carbenium ion formation energies for polyols and mono-functional 

alcohols such as 1,2-propanediol and 2-propanol were calculated as:  

ΔErxn(R+) = ERH+ + EH2O - EROH – EH+        (3.6) 

where ERH+ is the total energy for the dehydrated carbenium ion, EROH is the total energy of 

polyols or alcohols before dehydration, EH2O is the total energy of water and EH+ is the total 

energy of proton. 

  

Figure 3.1 The 4x4 Rh(111) surface with well dispersed Re-OH site (left) and the 201-atom 

cubo-octahedral Rh particle with Re-OH located at different sites (right) used to model the acid 

sites on Rh-Re catalyst. 
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3. Results and Discussions 

3.1 Water activation on the Rh-Re alloy surface to generate acid site 

        Water binds at the Re atom on the Rh-Re alloy surface through its oxygen with the binding 

energy of -42 kJ/mol as shown in Figure 3.2. The adsorbed water is activated by metal atom 

insertion into the O-H bond resulting in the formation of a hydroxyl that binds at the Re atom 

with rather low activation barrier of 54 kJ/mol as shown in Figure 3.2. For comparison, the 

barrier to activate water on the metal Rh(111) surface alone is considerably higher at 92 k/mol, 

thus indicating that the oxophilic Re site in the Rh-Re alloy significantly promotes the activation 

of water to generate acid sites. In the presence of solution, the adsorbed water can dissociate 

heterolytically to form an OH(-) intermediate bound to a Re site on the Rh-Re alloy, and proton 

in solution with a much lower activation barrier (13 kJ/mol) as will be discussed in  more detail 

in the next chapter. The strong adsorption of water and the very low activation barrier for its 

heterolytic dissociation to form Re-OH indicates that the acid sites are readily formed at the 

exposed Re centers on the Rh-Re alloy surface. The easy oxidation of the metallic Re on the 

bimetallic alloy surface such as Pt-Re by water has also been observed in the water-gas-shift 

reaction experiments.
 [116, 117]
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Figure 3.2 DFT calculated reactant, transition state and product structures for the dissociation of 

water on the Rh-Re and pure Rh(111) surfaces. 

 

3.2 Ring opening of THFA at the Re-OH acid sites  

      A detailed analysis of the hydrogenolysis of various cyclic ethers and polyols carried out over 

the supported Rh-Re catalysts indicates hydroxyl groups that sit α to the C-O bond that is 

activated can significantly influence the selectivity and activity for hydrogenolysis. In comparing 

methyl-tetrahydrofuran (MTHF) and tetrahydrofurfural alcohol (THFA), there is a 30 fold 

increase in the hydrogenolysis activity that results from changing the -H on MTHF to an OH 

group to form THFA as well as a marked difference in product selectivity over the Rh-Re 

catalyst. 
[72]

 To better understand the mechanism for the ring opening of THFA and the influence 

of the α-C-OH groups, we carry out Born-Haber cycle analysis which allows us to relate the 

changes in the activation barrier to the changes in the catalyst or changes in the  molecules 

reacted. More specifically, the energy barrier (ΔEACT) for a reaction can be written in terms of the 

deprotonation energy (DPE) of the solid acid, which provides a measure of acidity, the gas-phase 

carbenium ion formation energy (ΔErxn(R+)), and the interaction energy (ΔEint) between the gas-

phase carbenium ion and the negative charge of the conjugate base that forms in the transition 

state: 
[118, 119]
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ΔEACT = DPE + ΔErxn(R+) + ΔEint      (3.5) 

        Different reactions carried out over the same catalyst can then be described simply by the 

changes in the gas-phase carbenium ion formation energies (ΔErxn(R+)) and changes in the 

interaction energies (ΔEint). The changes in the interaction energies that result from different 

reactants are often linearly related to the changes in the gas-phase carbenium ion formation 

energies at the same solid acid catalyst. 
[120]

 The changes of activation barriers for different 

reactants (Eact) can then be linearly correlated to the changes in their gas phase carbenium ion 

formation energies Δ(Erxn(R+)). As shown in Figure 3.3, the high selectivity for the ring opening 

of THFA to the α,ω-diol 1,5-pentanediol observed by the experiments can be attributed to the 

greater stability (30 kJ/mol) of the secondary carbenium ion formed by ring opening at the more 

substituted carbon versus the primary carbenium ion formed by ring opening at the less 

substituted carbon. Furthermore, the presence of a hydroxyl group at the α position allows for a 

more facile hydride transfer to form the more stable oxocarbenium (RCH2-CH=O(+)H) ion 

intermediate. The presence of the hydroxyl substituent α to the C-O bond that is activated 

increases the stability of the carbenium ion, such that the carbenium ion formation energy is -852 

kJ/mol, while the corresponding structure for MTHF which does not have the α-OH substituent 

is significantly less stable at -743 kJ/mol.  

        The trend in the gas-phase carbenium ion formation energies for the acid catalyzed ring 

opening of THFA and MTHF was confirmed by calculations at the Re-OH acid site on the Rh-Re 

surface as shown in Figure 3.4. THFA adsorbs at the Re-OH acid site through the ether oxygen to 

form a hydrogen bond with the acid proton resulting in a calculated adsorption energy of -53 

kJ/mol. The adsorbed THFA then ring opens at the more substituted carbon via the concerted 

protonation, ring opening and H transfer mechanism. In the transition state, the acid proton is 
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transferred to the ether oxygen of THFA as the C-O bond of THFA is fully cleaved with the C-O 

distance of 2.38 Å. The H at the α-C of the C-O bond is also activated in the transition state and 

is shared between the -C and the C of the activated C-O bond. The-C-H bond distance 

increases from 1.10 Å in the reactant to 1.27 Å in the transition state while the distance between 

the H and the ether carbon decreases from 2.12 Å in the reactant to 1.61 Å in the transition state. 

 

 

Figure 3.3 DFT calculated gas-phase carbenium ion formation energies of MTHF and THFA. 

 

        The presence of water can further stabilize the transition state as indicated by the shorter 

distance between the shifted H at the α-C and the water oxygen in the transition state (1.70 Å) 

than in the reactant (2.40 Å). The energy barrier is calculated to be 84 kJ/mol. The activation 

barrier for the ring opening of MTHF which does not have a α-OH substituent is considerably 

higher at 118 kJ/mol. This is consistent with the trends of the gas phase carbenium ion formation 

energies presented above. The preferential hydrogenolysis of MTHF at the less substituted 

carbon along with the 30 fold decrease in activity reported experimentally on the Rh-Re catalyst 

cannot be explained through acid chemistry as it would result in the formation of a highly 

unstable primary carbenium ion. The  hydrogenolysis and ring opening of MTHF instead appears 

to proceed via a metal-catalyzed route similar to the ring opening of THFA over Rh surface 
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shown previously in my Master’s work. [84]   

      

 

Figure 3.4 DFT-calculated reactant and transition state structures for ring opening of THFA and 

MTHF at the Re-OH acid site on the Rh-Re surface. 

 

        More rigorous calculations of the ring opening of THFA at the Rh-Re acid site were carried 

out using 40 water molecules at a density of ~ 1g/cm
3
 to simulate the aqueous interface and 

provide a more realistic environment of the aqueous/metal interface.  As shown in Figure 3.4B, 

the transition state of the ring opening of THFA at the more extensive aqueous solution/metal 

interface is very similar to that found with only 2 water molecules shown above. The energy 

barriers between the two are also similar, 88 kJ/mol for the aqueous/metal interface versus 84 

kJ/mol (2 water molecules), indicating that the main solvent effects on the ring opening of THFA 

at the Re-OH acid site come from the local water molecules and the outer shell of solvent water 

play little role here.  
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Figure 3.5 DFT calculated ring opening process of THFA at the Re-OH acid site on Rh-Re 

surface in aqueous system: A) THFA adsorption at the acid site; B)transition state of the ring 

opening; C);oxocarbenium ion formation; D) proton shuttling in water; E) regeneration of acid 

sites; and the charge analyses for the ring opening process. 

 

        A more detailed charge analysis was carried out to understand how water molecules 

stabilize the transition states in the ring opening of THFA. The results which are shown in Figure 

3.5 indicate that the charge on C2 decreases  from +0.04 in the reactant to -0.33 in the transition 

state while the charge on C1 increases from -0.12 in the reactant to +0.25 in the transition state 

indicating electron transfer from C1 to C2. The positive charge on the H that transfers from C1 to 

C2 also increases slightly from +0.19 in the reactant to +0.30 in the transition state. As such the 

hydrogen transfer is not proceed by a direct hydride transfer between C1 and C2 but instead via 

proton coupled electron transfer (PCET) mechanism where activation of the C-H bond allows for 

an electron to transfer from C1 to C2 while the resulting proton transfers from C1 to C2.
 
Such 
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proton-coupled electron transfer processes are pervasive throughout enzymatic as well as 

inorganic catalytic reduction reactions.
 [121]

 As such the hydrogen transfers as a proton and can be 

readily facilitated by the presence of water as water can greatly stabilize the transition state 

through the lone pair electrons on the oxygen. The charge on the α-OH also changes from -0.22 

in the reactant to -0.13 in the transition state and further to +0.03 in the oxocarbenium ion 

structure as the H shift is completed, which thus leads to the stabilization of the transition state 

by another water molecule forming hydrogen bonds with the α-C-OH.  

        The coupled ring opening and H shift of THFA results in the formation of the oxocarbenium 

ion intermediate as shown above in Figure 3.4C. The oxocarbenium intermediate that forms, 

however, is not stable in aqueous solution, and will spontaneously transfer the proton on the –

CH=O(+)H group to the water solution with no energy barrier to form a stable intermediate δ-

hydroxyvaleraldehyde. The proton can readily shuttle locally in 3-dimensional hydrogen bond 

network of water,
 [122, 123]

 and recombine with Re-O
-
 on the Rh-Re surface to regenerate the acid 

site as shown in Figure 3.4D and Figure 3.4E. The reaction energy for the ring opening of THFA 

to form δ-hydroxyvaleraldehyde is calculated to be about 18 kJ/mol. It is worth noting that the 

proton shuttling in the water solvent is important for the regeneration of the acid site, which may 

be another reason besides the transition state stabilization by water for the experimental observed 

high activity of the ring opening of THFA on Rh-Re catalysts in aqueous solution as opposed to 

the inactivity of this reaction carried out in aprotic solvents such as 1,4-dioxane.
 [57]

  

 

3.3 Hydrogenation of δ-hydroxyvaleraldehyde at the metal sites 

        The δ-hydroxyvaleraldehyde intermediate that results from the ring opening of THFA likely 

binds to the Rh metal sites and can hydrogenate to form the final product 1,5-pentanediol. The 
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resulting DFT calculations indicate that δ-hydroxyvaleraldehyde intermediate binds at the Rh 

metal sites through the carbonyl group (-C=O). A number of studies in the literature have 

examined the hydrogenation of the C=O bonds of aldehydes and ketones over metal catalysts.
 

[124-127]
 Hydrogenation proceeds via two sequential H addition steps to saturate the C=O double 

bond to form the corresponding alcohol. As such the hydrogenation can proceed via the addition 

of hydrogen to the oxygen to form the hydroxyalkyl intermediate or via the addition of hydrogen 

to the carbon to form the alkoxide intermediate which are thus termed the hydroxyalkyl path and 

alkoxide path, respectively. We explored both of these paths for the hydrogenation of δ-

hydroxyvaleraldehyde in aqueous solution.  

        The addition of H to the carbonyl oxygen of δ-hydroxyvaleraldehyde to form the 

hydroxyalkyl intermediate proceeds via hydrogen insertion into the Rh-O bond to form the 3-

center Rh-H-O transition state structure shown in Figure 3.6. The activation barrier for this path 

was calculated to be 84 kJ/mol. However, in aqueous solution, a more favorable path for H 

addition to the carbonyl oxygen of an aldehyde can occur via a PCET mechanism involving 

proton shuttling where the adsorbed H which acts as hydride (H-) transfers its electron into the 

metal and comes off into solution as a proton.
[128]

 The resulting proton can then transfer via local 

hydrogen bond networks to the adsorbed aldehyde where simultaneously recombines with the 

electron from the metal as it adds to the oxygen of the carbonyl to form the hydroxyalkyl 

intermediate as shown in Figure 3.6.
 
 The activation barrier for the path was calculated to be 70 

kJ/mol, which is about 14 kJ/mol lower and thus more favorable than that via the metal insertion 

path. This H addition step to form the hydroxyalkyl intermediate was calculated to be exothermic 

with the reaction energy of -12 kJ/mol. The subsequent addition of hydrogen to the carbon of the 

hydroxyalkyl proceeds via a hydrogen insertion into the metal-C bond to form the 1,5-
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pentanediol product.
 [126, 127]

 The activation energy for this step was calculated to be 91 kJ/mol 

which is significantly higher than that for H-addition to the oxygen. The overall activation 

barrier for the hydrogenation of δ-hydroxyvaleraldehyde to form 1,5-pentanediol through this 

hydroxyalkyl intermediate path is ~79 kJ/mol as shown in the energy diagram in Figure 3.8.  

 

 

Figure 3.6 DFT-calculated reactant, transition state and product structures for the hydrogenation 

of δ-hydroxyvaleraldehyde at the metal sites of Rh-Re surface in aqueous solution through the 

hydroxylalkyl path: top) first H addition to the carbonyl oxygen through direct metal insertion 

mechanism; center) first H addition to the carbonyl oxygen via PCET mechanism to form a 

hydroxylalkyl intermediate; bottom) second H addition to the carbon of the hydroxyalkyl 

intermediate to form 1,5-pentanediol. 

 

        The hydrogenation of δ-hydroxyvaleraldehyde can also proceed via the initial addition of 

hydrogen to the C of the carbonyl to form the alkoxide intermediate. The activation barrier and 
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the overall reaction energy for the addition of H to the carbon of the carbonyl group to form an 

alkoxide intermediate were calculated to be 81 and 20 kJ/mol, respectively. The activation 

energy for the subsequent addition of H to the alkoxide intermediate to form 1,5-pentanediol was 

calculated to be 80 kJ/mol. Thus, the overall apparent barrier for the hydrogenation of δ-

hydroxyvaleraldehyde to form 1,5-pentanediol through the alkoxide path was calculated to be 

104 kJ/mol as shown in the energy diagram in Figure 3.8. The lower overall energy barrier that 

results from the hydroxyalkyl path than that for the alkoxide path suggests that the former is 

more favorable for the hydrogenation of δ-hydroxyvaleraldehyde at the metal sites of Rh-Re 

catalyst in aqueous solution.  

 

 

Figure 3.7 DFT-calculated reactant, transition state and product structures for the hydrogenation 

of δ-hydroxyvaleraldehyde at the metal sites of Rh-Re surface in aqueous solution through the 

alkoxide path: top) first H addition to the carbonyl oxygen to form an alkoxide intermediate; 

bottom) second H addition to the oxygen of the alkoxide intermediate to form 1,5-pentanediol. 
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Figure 3.8 Potential energy diagrams for the two different paths for the hydrogenation of δ-

hydroxyvaleraldehyde at the metal sites on the Rh-Re surface in aqueous solution: (red) 

hydroxylalkyl path and (blue) alkoxide path.  

 

3.4 Kinetics analysis for the hydrogenolysis of THFA  

        By combining the results for the ring opening of THFA at the Re-OH site along with the 

results for the hydrogenation on the Rh sites on Rh-Re surface, we can construct the complete 

reaction energy diagram shown in Figure 3.9 for the hydrogenolysis of THFA to form 1,5-

pentanediol over the bifunctional Rh-Re catalyst in aqueous solution. Both the ring opening and 

the second H addition steps are the highest in energy along the path thus suggesting that one or 

both of these steps may be rate limiting. We note, however, that the well-dispersed single Re-OH 

acid sites embedded in the Rh(111) surface model that was used herein is rather simple, and may 

underestimate the acidity of the real acid sites on the Rh-Re catalyst. The presence of stronger 

acid would significantly lower the reported activation barrier as will be shown later. In addition, 

experimental kinetic studies showed that the rate of the hydrogenolysis of THFA over the Rh-Re 

catalyst has a first order dependence on the hydrogen pressure.
[54, 63, 72]

 The experimental 
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observations along with the initial DFT results indicate that the acid catalyzed C-O activation is 

quasi-equilibrated and that the rate of THFA hydrogenolysis over the Rh-Re catalyst is controlled 

by the second hydrogenation step.   

        The possible elementary reactions in the hydrogenolysis of THFA over the bifunctional Rh-

Re catalyst were presented in Figure 3.10. The first three steps which involve the adsorption of 

THFA, the ring opening of THFA and the regeneration of the Brønsted acid site all occur at the 

acid sites. The last 7 steps occur including the adsorption of the ring opened δ-

hydroxyvaleraldehyde intermediate, the dissociative adsorption of H2, the hydrogenation of the 

adsorbed δ-hydroxyvaleraldehyde and the desorption of the 1,5-pentanediol product all occur on 

the metal sites. It is noted that the reactant THFA and the water in the solution phase can both 

adsorb and compete for the metal sites.  

 

 

Figure 3.9 Potential energy profiles for the hydrogenolysis of THFA on the bifunctional Rh-Re 

surface in aqueous solution. 
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Figure 3.10 Possible elementary steps that occur in the hydrogenolysis process of THFA on Rh-

Re catalyst in aqueous solution. The solid acid sites on Re are denoted as ReOH whereas the 

metal sites involved in the hydrogenation are listed as *.         

 

        As discussed above, the DFT-results suggest that the second H addition to the C of the 

hydroxyalkyl intermediate to form the 1-5 pentanediol product may be the rate limiting step and 

that all of the other reactions are quasi-equilibrated.  By making these assumptions we can derive 

the rate expression presented in Equation 3.6 for the hydrogenolysis of THFA over Rh-Re.
 
The 

different terms in the denominator of Equation 3.6 correspond to the coverage of different 

adsorbed intermediates on the metal surface. Under the reaction conditions, the water solution is 

present in the greatest amounts and is strongly held to the surface and as a result, it will likely 

cover the surface. Hence, the rate expression of the hydrogenolysis of THFA on Rh-Re catalyst 

described in Equation (3.6) can be simplified as shown in Equation (3.7). From the rate 

expression in Equation (3.7), we can see that the rate of THFA hydrogenolysis is first order of the 
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hydrogen pressure, first order in the concentration of THFA, which is consistent with the 

experimental observations by Dumesic et al. 
[72]

 The first order THFA kinetic behavior reported 

herein and by Dumesic et al., however, is higher than that observed by Tomishige et al. 
[54]

 who 

report a THFA reaction order of ~0.2  It is noted that the concentration of the reactant THFA in 

the kinetics study by Tomishige et al. 
[54] 

is ~10 times higher than that in the kinetics study by 

Dumesic et al.
[72]

 At higher THFA concentrations, the terms involving CTHFA in the denominator 

of the rate expression Equation (3.6) are no longer negligible and thus act to decrease the 

dependency of the rate on the concentration of THFA, which would explain the weaker THFA 

dependencies on the rate observations by Tomishige et al. 
[54]
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3.5 Ring Opening of THFA at Different Acid Sites  

        The model that we used above to examine the acid site on the Rh-Re surface was rather 

simple. Herein we expand these ideas to other possible acid sites present on the Rh-Re catalyst. 

The experiments were carried out over Rh-Re metal particles of ~2.2-2.3 nm.
[72]

 We therefore 

extended our initial calculations carried out over Rh(111) surfaces to the Rh201 cubo-octahedral 

cluster to establish the influence from the more coordinatively-unsaturated sites. As shown in 

Fig. 3.11, the hydroxyl group that form as a result of the dissociation of water can sit at the 

terrace, edge or the corner Re site of the Rh-Re particle and result in three different acid sites. 
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The deprotonation energy (DPE) of these sites were calculated and listed in Table 3.1. We see 

that the DPE for all three sites are similar at ~1145 kJ/mol, indicating the same acid strength of 

these three sites. This seemed rather surprising as the metal atom coordination number decreased 

from 9, 8 to 7 in moving from the terrace to the edge to the corner site.  

 

  

Figure 3.11 Different models of the possible acid sites on the Rh-Re catalyst: left) Re-OH 

located at different positions of the Rh cluster (terrace, edge and corner); right) OH binding 3-

fold to three adjacent Re atoms that can be in the Rh surface or above the Rh surface. 

 

Table 3.1 DFT-calculated DPE of different Re-OH acid sites on Rh-Re particle, the adsorption 

energies of THFA and the activation barriers for its ring opening at these different acid sites, 

together with the binding energies of O* and OH* at the Re sites related to the acidity of Re-OH. 

The units are in kJ/mol. 

 Re1OH 
(terrace) 

Re1OH 
(edge) 

Re1OH 
(corner) 

Re3OH-IN Re3OH-OV 

DPE
 

1145 1146 1145 1060 1112 

ΔEads (OH) at Re -314 -385 -450 -298 -369 

ΔEads (O) at Re -549 -617 -682 -613 -634 

ΔEads (O)- ΔEads (OH) -235 -232 -232 -315 -265 

ΔEads (THFA) at Re-OH -53 -54 -55 -93 -67 

ΔEACT (THFA) at Re-OH 88 38 56 50 72 

 

        In previous work, 
[129]

 we showed that the DPE of the hydroxyl group bound at the Rh-Re 

and Pt-Re alloys is not directly linearly correlated with the O* binding energy but instead with 
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the difference between the binding energies of O* and OH*at the alloy site. While the O* 

binding energy increases as we move from terrace to edge to corner as is shown in Table 3.1, the 

OH* binding energies increase by essentially the same amount which results in values for [ΔEads 

(O) - ΔEads (OH)] that are nearly the same at these three sites, and thus similar deprotonation 

energies.  

        The ring opening of THFA at these three Re-OH acid sites was subsequently examined to 

see if there were any differences in the activation barriers. The results are presented in Figure 

3.12. As shown above, the solvent stabilization of the transition state of the ring opening of 

THFA predominantly results from the presence of two local water molecules.  For simplicity, we 

used only two water molecules to solvate the ring opening of THFA over the Re-promoted Rh201 

cluster in solution. The results show similar binding modes and adsorption strengths for THFA 

and structures for the ring opening transition states at the terrace, edge and corner Re-OH acid 

sites on the Rh-Re particle as shown in Figure 3.12. The binding energy of THFA at the terrace 

Re-OH site was calculated to be -50 kJ/mol, which is very similar to that found at the Re-OH 

sites embedded into the Rh(111) surface  (-53 kJ/mol). The activation energy for the ring opening 

of THFA at the terrace Re-OH site on the Re-OH promoted Rh201 cluster was calculated to be 88 

kJ/mol, which is also in very good agreement with the results for the Re-OH sites in the Rh(111) 

surface (84 kJ/mol). This suggests that the much simpler surface Re-OH acid site model can 

provide a reasonably good representation of the (111) terrace Re-OH acid sites on the 201-atom 

particle. Similarly, the ring opening of THFA at the edge and corner acid sites are also shown in 

Figure 3.12 and the energetics are listed in Table 3.1. We see that the binding energies of THFA 

at the edge and corner Re-OH sites are similar to that at the terrace site (-53 ~ -54 kJ/mol), which 

is reasonable as the binding energy of an adsorbate at the solid acid is reported to be related to 
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the acidity of the solid acid 
[120]

 and the acidity of these three Re-OH sites is similar as shown 

above.  

 

 

Figure 3.12 DFT-calculated reactant and transition state structures for ring opening of THFA at 

different Re-OH acid sites on the Rh-Re particle: (A) (111) terrace; (B) edge; (C) corner. 

 

        The activation energies for the ring opening of THFA at the edge Re-OH site (38 kJ/mol) 

and the corner Re-OH site (56 kJ/mol), however, were calculated to be much lower than at the 

terrace Re-OH site (88 kJ/mol). As shown in Figure 3.12, after the proton-transfer from the Re-

OH acid site to the ether oxygen of THFA and ring opening, an alcohol hydroxyl group is formed 

in the transition state, which binds to a neighboring Rh atom that is adjacent to the Re-OH site. 

When THFA ring opens at the terrace Re-OH site, the hydroxyl group in the transition state binds 

to a neighboring terrace Rh atom, while when THFA ring opens at the edge or corner acid sites, 

the hydroxyl group binds to a corner Rh atom or an edge Rh atom respectively. The binding 
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energies of the hydroxyl oxygen in the ring-opened transition state at the different vicinal Rh 

atom sites (terrace, edge or corner) can be linearly related to the changes in the reported 

activation barriers for ring opening of THFA at these three Re-OH acid sites even though they 

have the same acidity.  

        The simplest alcohol methanol was used to estimate the binding energies of an alcohol 

hydroxyl group at different neighboring metal atoms of these three Re-OH acid sites. As shown 

in Fig. 3.13, the activation energies for the ring opening of THFA at the corner, edge and terrace 

Re-OH acid sites can be linearly correlated to the binding energies of methanol at the 

neighboring Rh atoms of these Re-OH acid sites and the slope is about 1.0, indicating that the 

different activation energies for the ring opening of THFA at these terrace, edge and corner Re-

OH acid sites which have similar acidities is the direct result of the different binding energies of 

the hydroxyl group in the transition state at the neighboring metal atoms of these acid sites. The 

ring opening of THFA has the lowest activation barrier at the Re-OH acid sites that reside at the 

edges of the Rh201 cluster. This is due to the strongest binding and stabilization of the OH group 

in the transition state to the vicinal Rh corner site. 

 

 

Figure 3.13 Correlation of the activation energies for the ring opening of THFA at three different 

acid sites with Re-OH located at the terrace, edge and corner sites of Rh201 particle versus the 

binding energies of methanol at the vicinal Rh atoms of the acid sites. 
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        To this point we have only considered isolated Re sites that sit within the surface of the Rh-

Re particle. The active sites could also be comprised of larger clusters of Re that sit either within 

or upon the Rh cluster. We first examine the acidity of OH bound the 3-fold site of 3 or more Re 

atom clusters within the Rh surface. As shown in Figure 3.11, the DPE of this Re3OH site 

embedded into the Rh surface (Re3OH _IN) was calculated to be 1060 kJ/mol, indicating that it 

is more acidic than the single Re-OH acid sites shown above.  

        The active Re sites can also sit on top of the Rh surface rather than within the surface. This 

is consistent with recent suggestions in the literature which suggest such supported clusters.
[64]

 

We examined herein the 3 Re atom cluster bound to adjacent three-fold sites on the Rh surface as 

a simple model as is shown in Figure 3.11. The DPE of this acid site (Re3OH_OV) was 

calculated to be 1112 kJ/mol, indicating it is more acidic than the Re-OH acid sites that reside in 

the surface (1145 kJ/mol), but less acidic than the Re3OH_IN acid site (1060 kJ/mol). The lower 

DPE of these two acid sites (Re3OH_IN and Re3OH_OV) is due to the relatively stronger 

binding of O but weaker binding of OH at the 3-fold metal sites than the atop metal sites, which 

leads to the more negative value of [ΔEads (O) - ΔEads (OH)] as shown in Table 3.1. 

        The adsorption and ring opening of THFA at the more acidic Re3OH_IN and Re3OH_OV 

acid sites were examined in detail. The binding energy of THFA at the Re3OH_IN and 

Re3OH_OV acid sites were calculated to be -93 kJ/mol and -67 kJ/mol respectively, which are 

appreciably stronger than the adsorption of THFA at the terrace Re-OH site presented earlier (-55 

kJ/mol). The activation barriers for the ring opening of THFA at the Re3OH_IN and Re3OH_OV 

acid sites were calculated to be 50 kJ/mol and 72 kJ/mol respectively, which are lower than that 

at the terrace Re-OH acid site. The binding energies for THFA as well as the activation barriers 

for THFA ring opening were found to be linearly correlated to the DPE of the different acid sites 
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examined as is shown in Figure 3.14, which thus directly relates the change in solid acid strength 

(DPE) to the ring opening activity.  

 

 

Figure 3.14 Correlation of the adsorption energies of THFA and activation energies for its ring 

opening at the three different acid sites (ReOH, Re3OH-IN and Re3OH_OV) versus the 

deprotonation energies of the acid sites. 

 

        We have previously 
[129]

 examined the influence of the metal cluster and the alloy promoter 

on the acid site strength for a series of different bimetallic alloys comprised of a reducible metal 

such as Rh, Pt, Ir and Pd that carry out hydrogenation reactions and an oxophilic promoter metal 

such as Re, Mo, W and Ru which are partially oxidized under reaction condition and result in 

strongly acidic OH groups. We extend these efforts here by calculating the activation barriers for 

the ring opening of THFA at the M-OH acid sites on these different alloy surfaces. We show that 

there is a direct linear relationship between the adsorption energies of THFA and the ring 

opening activation barriers of THFA at these different acid sites. The adsorption energies as well 

as the activation barriers were also both found to be correlated with the deprotonation energies of 
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the acid sites as is shown in Figure 3.15.  

 

 

Figure 3.15 The adsorption energies of THFA and the energy barriers for its ring-opening at 

different MOH sites (M = Ru, Mo, Re, W) embedded in Ru, Rh, Pt and Au (111) metal surfaces 

plotted against the DPE of the MOH sites. 

 

        The deprotonation energy for the formation of Mo-OH at a Mo site at a terrace site within 

the surface of the Rh-Mo alloy particle, for example, was calculated to be 1162 kJ/mol, thus 

indicating the acid strength of this Mo-OH is weaker than the acid strength of the Re-OH site 

within the surface of the Rh-Re alloy particle that was reported earlier. The weaker Mo-OH acid 

site strength weakens the binding of THFA at this terrace Mo-OH site which is consistent with 

the decrease in the THFA adsorption energy from -53 kJ/mol at the terrace Re-OH acid site to -

48 kJ/mol for the Mo-OH acid site. The decreased acidity along with the decrease in the 

adsorption energy of THFA ultimately results in an increase in the activation barrier of 88 kJ/mol 

for the ring opening of THFA at the Rh-Re terrace site to 95 kJ/mol for the ring opening of THFA 

at the Rh-Mo site.  

        The general linear relation between the adsorption energies of THFA at different acid sites 

and the deprotonation energies of the acid sites indicates that even though the acid catalyzed ring 
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opening step may not be the rate limiting step as we showed earlier in section 3.4, the acidity of 

the acid sites can still affect the reaction rate in the hydrogenolysis of THFA by changing the 

value of equilibrium constant K1 in Equation (3.6) and Equation (3.7). Lower reaction rate in the 

hydrogenolysis of THFA over the Rh-Mo catalysts than over the Rh-Re catalysts has been 

confirmed by experiments. 
[72]

   

 

3.6 Insights into other cyclic ethers and polyols 

        The ideas concerning the bifunctional nature of the Rh-Re catalysts and the types of 

potential active sites in the hydrogenolysis of THFA over Rh-Re catalysts can be extended to 

other cyclic ethers and polyols. The dehydration of the polyol 1,2-propanediol (discussed 

previously in Chapter 2 over the monometallic Rh surface) at both the more substituted central 

C-OH and the less substituted terminal C-OH bonds and the mono-functional 2-propanol at the 

acid sites of Rh-Re surface are compared in Figure 3.16. Similar to the ring opening of THFA, 

the dehydration of 1,2-propanediol at both the less substituted terminal C-OH and the more 

substituted center C-OH proceed via the concerted protonation of the alcohol, C-O bond scission 

and a H transfer step which proceeds via proton coupled electron transfer and is facilitated by 

water which stabilizes the transition state. The energy barrier for the C-O activation of 1,2-

propanediol at the tertiary center carbon was calculated to be 95 kJ/mol, which is 11 kJ/mol 

higher than THFA. This is in consistence with the trends reported from the gas phase carbenium 

ion formation energies for 1,2-propanediol and THFA.
 [72]

 The barrier for the activation of the C-

O bond of 1,2-propanediol at the less substituted terminal carbon was calculated to be 108 

kJ/mol, which is about 13 kJ/mol higher than the barrier to activate C-O bond at the more 

substituted carbon center. This is in agreement with the experiments that a higher selectivity in 
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activating the more substituted central C-OH bond of 1,2-propanediol thus resulting in the 

formation of 87.8% 1-pentanol.
[18]

 The activation barrier for the dehydration of the mono-

functional 2-propanol which does not have a neighboring α-C-OH to stabilize the transition state 

was calculated to be 120 kJ/mol, which is ~25 kJ/mol higher than that for the dehydration of 1,2-

propanediol at the center carbon, which contains an OH substituent at the α-C. This is in 

agreement with the experimental results that show a rather low hydrogenolysis activity for the 

polyols and alcohols that do not contain OH substituents that sit  to the C-OH bond that is 

cleaved over the Rh-Re catalytic surfaces.
[72]

  

 

 

Figure 3.16 DFT-calculated reactant and transition state structures for the C-O bond activation 

of 1,2-propanediol at the less substituted terminal carbon (top), at the more substituted center 

carbon (middle) and the C-O bond activation of mono-functional alcohol 2-propanol at the Re-

OH acid sites on Rh-Re surface (bottom). 
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        Other cyclic ethers and polyols were also examined. As shown in Figure 3.17, the barriers 

for the activation of the C-O activation for different cyclic ethers and polyols at the Re-OH acid 

site within the Rh-Re alloy surface can be linearly correlated to their corresponding gas phase 

carbenium ion formation energies, which confirms the relationship presented in Equation (3.5) 

that was derived from a Born-Haber cycle analysis. This suggests that the reactivity of different 

oxygenates over the Rh-Re catalyst can be estimated by using only simple gas-phase carbenium 

ion formation energy calculations.   

 

 

Figure 3.17 The correlation of the activation barriers for C-O bond activation of various cyclic 

ethers and linear polyols or mono-functional alcohols at the Re-OH acid sites on the Rh-Re 

surface versus their corresponding gas phase carbenium ion formation energies. 

 

4. Conclusions 

        In this chapter, the mechanism for the hydrogenolysis of cyclic ether THFA at the bi-

functional Rh-Re catalyst was systematically investigated with the modeled Re-OH acid sites. 

The results indicate that the ring opening of THFA at the acid site of the Rh-Re catalyst proceeds 

through the concerted protonation of the oxygen that is to be activated, ring opening and 
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hydrogen transfer that proceed via a PCET process and the formation of an oxocarbenium ion 

intermediate. The presence of both an OH substituent that resides α to the C-O bond that is 

activated as well as the presence of the protic water solvent act to stabilize the transition state 

and lower the energy barrier. In aqueous solution, the oxocarbenium ion is not stable and 

deprotonates to the water solvent to form δ-hydroxyvaleraldehyde. The proton that forms locally 

in water can then shuttle back to regenerate the surface acid sites. The δ-hydroxyvaleraldehyde 

that forms can subsequently hydrogenate at sites on the Rh surface via hydrogen addition to the 

oxygen end of the molecule to form the hydroxylalkyl intermediate which subsequently reacts to 

give the final 1,5-pentanediol product. 

        The DFT calculations combined with the experimental observations suggest that the second 

hydrogenation step of δ-hydroxyvaleraldehyde at the metal site is likely the rate limiting step. 

The metal sites on the surface are likely covered by water as the reactions are carried out in 

aqueous media.  The rate expression derived from kinetic analysis indicates that the rate of the 

hydrogenolysis of THFA has a first order dependency on the hydrogen partial pressure and in 

addition is first order of the concentration of THFA at the low THFA concentration condition, 

which agrees with the experiments. At significantly higher concentrations of THFA, the THFA 

hydrogenolysis rates become less dependent on the concentration of THFA, which is also in 

agreement with experiments.   

        Ring opening of THFA at different acid sites on Rh-Re surfaces showed that the acid 

strength of the acid sites as well as the relative coordination number of the neighboring Rh sites 

are important in controlling the activation barriers for C-O hydrogenolysis. The activation 

energies for the ring opening of THFA at the terrace, edge and corner Re-OH acid site of the 201-

atom Rh cluster are different from one another even though the deprotonation energies of these 
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three acid sites are similar. This is due to that the interaction between the hydroxyl group that 

forms during the ring opening of THFA  and Rh  center which is adjacent to the Re-OH acid site. 

This Rh-OH interaction stabilized the transition state and lowers the activation barrier for ring 

opening. The optimal acid-metal site pair which allows for the highest acidity and greatest OH 

stabilization involves the edge Re site and one of the vicinal Rh corner sites.    

        The ring opening of THFA at the acids sites on Rh-Re surface with different acidities reveal 

a linear relationship between the adsorption energies for THFA and the resulting activation 

energies for THFA ring opening.  Both are also linearly correlated with the acidity of the Re-OH 

site as measured by the deprotonation energies. The sites with the highest acidity are those with 

the lowest activation energies for THFA ring opening.  Similar correlations can be used to follow 

the  ring opening of THFA over different bimetal alloys comprised of an reducible metal such as 

Rh, Pt, Ir and Pd and an oxophilic promoter metals such as Re, Mo, W and Ru.  

        The mechanism of the hydrogenolysis of THFA over the Rh-Re catalyst can be extended to 

other cyclic ethers and polyols such as 1,2-propanediol. The dehydration of 1,2-propanediol at 

the Rh-Re acid site also proceeds through the concerted protonation, C-O bond activation and H 

transfer process. The energy barrier for the dehydration of 1,2-propanediol at the more 

substituted center carbon is about 13 kJ/mol lower than that at the less substituted terminal 

carbon, leads to higher selectivity towards 1-propanol, which is in agreement with the 

experiments. The energy barriers for the C-O bond activation of various cyclic ethers and polyols 

at the Rh-Re acid site can be linearly correlated to their gas phase carbenium ion formation 

energies leading to the possibility of predicting the reactivity of different oxygenates over the 

Rh-Re catalyst by simply calculating the gas phase carbenium ion formation energies.    
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Chapter 4-The Nature of the Active Acid Site:  Brønsted vs. Lewis Acid 

4.1 Introduction 

      In the previous chapter, we examined the mechanisms of the acid catalyzed C-O bond 

activation of THFA and other cyclic ethers and polyols on the Rh-Re catalyst by analyzing the 

Brønsted acidity of hydroxyl groups bound to Re atoms within different Rh-Re alloy models.  

Previous XANES and EXAFS data by Davis et al.
[85]

 suggest that the Re in Pt-Re alloys is 

reduced under reaction conditions but is never fully reduced to Re(0). The results suggest that Re 

is in an average oxidation state of +2 and is of the form Re-OH. The ideas were subsequently 

extended to the Rh-Re alloys. The XANES and EXAFS carried out by Tomishige et al.
[62]

 on Rh-

Re catalyst also suggest that Re is partially reduced and in an average oxidation state of +1 ~ +2. 

Recent XANES and EXAFS data by Miller et al.
 [73]

  show nearly identical trends as the data 

reported by Davis et al. and Tomishige et al.. However, they have different interpretations of the 

data. They think the Re XANES edge energy and white-line intensity is distorted by using the Re 

powder as the reference for Re(0) due to the non-uniform sample pellet preparation and signal 

re-adsorption by large Re particles. Instead, they focus on the EXAFS spectra and find no 

evidence of Re-O coordination after the pretreatment of Rh-Re catalyst at the temperature higher 

than 363 K. Thus, they suggest that the Re is fully reduced and that the active sites are either 

metallic Re atoms or adsorbed water (Re-OH2) for the hydrogenolysis of cyclic ethers and 

polyols. 

        While the state of the Re in the Rh-Re and Pt-Re catalysts and the active sites that are 

responsible for the hydrogenolysis of cyclic ethers and polyols are still under debate by 

experimental groups, herein we use theory to examine and compare three different models of the 

active acid sites which are consistent with partially oxidized and fully reduced Re sites. They 
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include our initial Re-OH Brønsted acid site model, unoccupied Re Lewis acid site or Re-OH2 

Brønsted acid site model where the protons on the adsorbed water act as the active sites as shown 

in Figure 4.1.   

        The Brønsted acidity of  bound water to metal ions is well-established in the metal aquo ion 

complexes,
[130]

 and the presence of similar Re-OH2 species could carry out catalysis in the alloys. 

In addition, the presence of unoccupied Re centers on the Rh-Re surface can also function as 

Lewis acids as low valence Re(I) complexes are known Lewis acids. 
[131-137]

  

        Herein we examine the acid properties and ring opening of THFA for the unoccupied Re 

sites and the adsorbed water Re-OH2 on the Rh-Re alloy surface and compare with our previous 

results on the acidity and reactivity of the Re-OH sites.  We will also examine the adsorption and 

reactivity of water on the Re centers and analyze the relative amounts of these different sites on 

the Rh-Re alloy surface at the reaction conditions. This work will help to provide a more 

complete understand the hydrogenolysis of cyclic ethers and polyols over the Rh-Re catalysts.  It 

will provide insights into other reactions such as the aqueous phase reforming of glycerol, 
[138-140]

 

water-gas-shift 
[117, 141]

 and carboxylic acid hydrogenation reactions 
[142, 143]

 that have been 

reported over the Pt-Re, Ru-Re and Ir-Re bimetallic catalysts.       

 

 

Figure 4.1 Possible acid sites on the Rh-Re alloy surface: the unoccupied Re site, the adsorbed 

hydroxyl Re-OH and the adsorbed water Re-OH2. 
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4.2 Computational Methods 

      All of the calculations reported herein were carried out using periodic plane-wave gradient-

corrected density functional theory methods implemented in the Vienna ab initio Simulation 

Package (VASP). 
[89-92]

 The PW91 
[93]

 form of GGA exchange correlation functional was used to 

provide the non-local gradient-corrections to exchange and correlation energies. Wave functions 

were constructed by using projector augmented wave potentials (PAW) 
[94, 95]

 within a cutoff 

energy of 396.0 eV. 

       The Rh-Re alloy surface was modeled by using a Rh(111) surface where well dispersed Re 

atom are substituted for Rh centers to create the Rh8Re1/Rh(111) surface alloy shown in Figure 

4.2. The Rh(111) substrate was modeled using a 3x3 unit cell with four metal layers and a 15 Å 

vacuum region above the metal layers, where the top two layers were allowed to relax and the 

bottom two held fixed to their lattice constant for Rh. The solution phase above the Rh surface 

was modeled by filling the vacuum region with 24 water molecules that are randomly placed so 

that the density of water between the metal surfaces is close to 1 g/cm
3
. Ab initio molecular 

dynamics (NVT ensemble) simulation were carried out at 400 K for 2.0 ps with the time step of 

1.0 fs to equilibrate the water system before the structure optimizations. All of the metal atoms 

were fixed in the ab initio MD studies carried out here.  Nose-Hoover [114, 115] thermostat was used 

to control the temperature during the run. For the structure optimizations, a 6x6x1 Monkhorst-

Pack [96] k-point mesh was used to sample the first Brillouin zone, the electronic energies were 

converged to within 1x10
-6

 eV and forces on each atom were optimized to within 0.05 eV/Å.  For 

the ab initio molecular dynamics simulations, a 3x3x1 Monkhorst-Pack [96] k-point mesh was 

used, and the electronic energies were converged to within 1x10
-4

 eV. 

        The metal particles were modeled using 201-atom cubo-ocoahedral clusters as shown in 
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Figure 4.2. Calculations on metal particles were carried non-spin-polarized in a cubic unit cell 

with a minimum of 12 Å of vacuum separating particles between periodic cells. All structure 

optimizations were carried out until the maximum force upon any atom was less than 0.05 eV/Å. 

Electronic energies were converged to within 1x10
-6

 eV. These calculations were performed 

using the γ-point version of VASP. Monopole and dipole moments of the cell were calculated and 

used to correct the energy. For charged calculations, quadrupole corrections were also applied.          

       Transition state calculations for ring-opening of THFA on the metal surfaces and metal 

clusters were carried out by first determining the minimum energy path (MEP) using the NEB 

method 
[97]

 using 16 images along the reaction coordinate and converged to 0.25 eV/Å. The 

results were used to  generate initial structures for the dimer method 
[98]

 which was then run to 

the same level of accuracy as the optimizations described above in order to isolate the transition 

state. 

        Charge analyses were performed by using the QUAMBO method, 
[99-102] 

which transforms 

the wave-functions of the VASP calculation into spatially localized non-orthogonal quasi-atomic 

orbitals. This transformation provides information about the atomic orbitals of the system, and 

permits a Löwdin charge and bond order analysis. 
[103, 104]

 
 

       The deprotonation energy (DPE) of a general Brønsted acid MOH (MOH can be Re-OH2 or 

Re-OH here) was calculated by: 

DPE = E(MO
-
) + E(H

+
) – E(MOH)      (4.1) 

where E(MO
-
) is the total energy of the conjugate base of the Brønsted acid MOH after removing 

a proton, E(H
+
) is the total energy of the proton calculated in the vacuum. E(MOH) is the total 

energy of the Brønsted acid MOH. 

      The binding energies of the adsorbates at the acid sites or metal sites were calculated as:  



78 

 

ΔEads = EM +i – EM – Ei        (4.2) 

where EM+ i is the total energy of the acid or metal with the adsorbate bound to it, EM is the total 

energy of the bare acid or metal and Ei is the total energy of the adsorbate i in gas phase.  

        The activation barriers and reaction energies were calculated as:  

ΔEACT = ETS - ER        (4.3) 

ΔErxn = EP - ER         (4.4) 

respectively, where ETS is the total energy of the transition state, ER is the total energy of the 

reactant state and EP is the total energy of the product state.  

        In order to determine the surface coverages of the OHx* intermediates at the Re sites on the 

Rh-Re surface under reaction conditions we examined the overall free energies of reaction.  The 

free energies for each state were calculated as: 

G = E + ZPVE + Gvib + Gtrans + Grot         (4.5) 

 where E is the DFT calculated total energy, ZPVE is the zero point energy. Gvib, Gtrans, Grot are 

the vibrational, translational and rotational free energy. For calculations of adsorbed species 

(H2O*, OH* and O*) on the metal surface, we assume that there are no translational or rotational 

degrees of freedom and as such set Gtrans and Grot to zero. The ZPVE and Gvib were calculated by 

vibrational frequencies derived from DFT frequency calculations in which the electronic energies 

were converged to within 1x10
-6

 eV. The translational and rotational degrees of freedom and 

Gtrans and Grot for H2 and H2O were calculated by statistical thermodynamics.  
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Figure 4.2 The 4x4 Rh(111) surface with well dispersed Re site (left) and the 201-atom cubo-

octahedral Rh particle with Re located at different sites (right) used to model Rh-Re catalyst. The 

adsorbed species such as H2O and OH at the Re sites are not shown. 

 

4.3 Results and Discussions 

4.3.1 Acid properties of Re-OH2 and unoccupied Re site on the Rh-Re alloy surface 

        The deprotonation energy (DPE) of the surface hydroxyl provides a direct probe of the 

Brønsted acidity of a solid acid. We calculated the DPE of the adsorbed water (Re-OH2) as well 

as adsorbed hydroxyl intermediates (Re-OH) bound to the Re sites on the Rh-Re alloy surface  

where  the Re atoms were placed at the terrace, edge and corner site of the Rh particle in order to 

examine the effects of the coordinative unsaturated metal on its acidity. The DPE values for 

water adsorbed to Re located at the (111) terrace site (Re-OH2) was calculated to be 1174 kJ/mol, 

which is about 19 kJ/mol higher and somewhat less acidic than the DPE of the adsorbed OH at 

the same Re terrace site on the Rh-Re surface (1145 kJ/mol). While the DPE for the adsorbed 

water is somewhat less acidic than the OH*, it is within the range of 1050-1200 kJ/mol for other 

well-known solid acids including heteropolyacids (HPAs) 
[144]

 and zeolites 
[118]

 indicating the 

adsorbed water Re-OH2 can act as a Brønsted acid. The DPE for water bound to Re at the edge 

of the Rh particle (edge Re-OH2) was calculated to be 1116 kJ/mol and thus more acidic than that 

at the terrace site. The acidity for water bound to the corner Re site was found the strongest 
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resulting in a DPE of 1076 kJ/mol. It is noted that the DPE values for water bound to Re at the 

corner and edge sites are actually lower than those for adsorbed OH at these same sites as shown 

in Table 4.1, thus indicating that Re-OH2 is actually more acidic than Re-OH at these sites.  

 

Table 4.1 DFT calculated DPE of the Brønsted acid Re-OH2, Re-OH sites on the Rh-Re particle, 

ammonia adsorption energies at the Re-OH2, Re-OH sites and the unoccupied Re sites, and the 

adsorption energies of H2O, OH and O at the Re sites on the Rh-Re particle. The units are in 

kJ/mol. 

 Terrace Edge Corner 

DPE (Re-OH2) 1174 1116 1076 

DPE (Re-OH)
 

1145 1146 1145 

NH3-Eads (Re-OH2) -60 -95 -107 

NH3-Eads (Re-OH)
 

-70 -69 -70 

NH3-Eads (Re) -95 -114 -141 

ΔEads (H2O) at Re -43 -55 -80 

ΔEads (OH) at Re -314 -385 -450 

ΔEads (O) at Re -549 -617 -682 

ΔEads (OH)- ΔEads (H2O) -270 -330 -370 

ΔEads (O)- ΔEads (OH) -235 -232 -232 

 

        The adsorption energy for a base molecule such as ammonia is often used experimentally to 

evaluate the solid acidity for both Brønsted as well as Lewis acids. The methods, however, often 

measure (experimentally) other properties and as such cannot be used to faithfully examine solid 

acidity alone. We can often omit these other interactions to create theoretical probes of the ideal 

acid site strength. As shown in Table 4.1, the ammonia adsorbs at the terrace, edge and corner 

Re-OH2 site with the adsorption energy of -60 kJ/mol, -95 kJ/mol and -107 kJ/mol respectively. 
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This trend for the ammonia adsorption energy at the terrace, edge and corner Re-OH2 site is 

consistent with the DPE calculations shown above.  

        Comparing the deprotonation energies of the adsorbed water Re-OH2 with the adsorbed 

hydroxyl Re-OH, we can see that the DPEs of Re-OH2 at the terrace, edge and corner sites are 

markedly different while the DPEs of Re-OH at these three sites are almost the same. We have 

shown previously 
[129]

 that the DPE of the adsorbed OH at different bimetallic alloy sites can be 

decomposed to the dehydrogenation energy (DHE) of the adsorbed OH and the electron affinity 

(EA) of the metal particles, where the dehydrogenation energy can further be correlated to the 

difference of the binding energy of O and the binding energy of OH at the alloy site [ΔEads (O) – 

ΔEads (OH)]. Similarly we found that the DPE of the adsorbed H2O at the different Re sites on 

the Rh-Re surface can be correlated to the dehydrogenation energy of the adsorbed H2O and as a 

result to the difference between the binding energy of OH and that of H2O at the Re sites [ΔEads 

(OH) – ΔEads (H2O)]. As shown in Table 4.1, H2O, OH and O all show a decrease in the binding 

energy in moving from: 

Re corner site (strongest) > Re edge site  > Re 111 terrace site (weakest). 

 The changes for the binding energy of H2O* which is a stable and saturated molecule at these 

three different sites are not as significant as the changes that result for the unsaturated OH* and 

O* intermediates. This results in different values of [ΔEads (OH) – ΔEads (H2O)] and thus different 

deprotonation energies at the terrace, edge and corner Re-OH2 sites.  

        In the case of OH* adsorption, the changes of the binding energy of OH* at the terrace, 

edge and corner sites are offset by the changes of the binding energy of O*, which results in 

values for [ΔEads (O) – ΔEads (OH)] that are similar at each site and thus deprotonation energies 

that are similar. In the case for water adsorption, there is a much greater dependence of DPE on 
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the [ΔEads (OH) – ΔEads (H2O)] values as the changes in ΔEads (H2O) do not offset the changes in 

ΔEads (OH). As a result there is strong linear relationship between DPE and the values of [ΔEads 

(OH) – ΔEads (H2O)] as is shown in Figure 4.3.  

 

 

Figure 4.3 Linear correlation of the deprotonation energies of Re-OH2 with Re atom located at 

the terrace, edge and corner site of the Rh-Re particle versus the difference of the binding 

energies of OH and H2O at the Re atoms [ΔEads (OH) – ΔEads (H2O)]. 

 

       We subsequently examined the adsorption of ammonia which acts as a base and can be used 

to further examine the acid properties of the Re-OH2, Re-OH and Re sites. The results for the 

ammonia adsorption studies reported in Table 4.1, indicate that ammonia strongly binds to the 

Brønsted acid sites for OH and H2O on Re as well as the Lewis acid Re sites. The adsorption of 

ammonia to Re sites that reside at the terrace, edge and corner sites were calculate to be -95 

kJ/mol, -114 kJ/mol and -141 kJ/mol, respectively. Similar trends were also found for the 

adsorption of H2O, OH and O at these same three sites. The strong oxophilicity of Re and the 

low occupancy of the d-states on Re, together with the strong binding of ammonia to the Re sites 

within the Rh-Re alloy may suggest that Re acts as a Lewis acid. The Brønsted acidity of the 



83 

 

H2O and OH that bind at the Re atoms on the Rh-Re alloy surface also suggest that vacant Re 

sites will act as a Lewis acid. The deprotonation of H2O or OH intermediates that bind to Re sites 

result in the formation of a proton and a negative charged conjugate base which is characteristic 

of a Lewis acid catalyzed reaction where the negative charged center at the Lewis acid site and a 

positively charged carbenium ion site result in the reported Lewis acid acidity. If the Re atoms on 

the Rh-Re alloy surface facilitate the deprotonation of H2O or OH, they should also facilitate the 

Lewis acid catalyzed C-O bond activation of cyclic ethers and polyols.  

 

4.3.2 Charge analysis of the unoccupied Re site, Re-OH and Re-OH2 sites  

        Detailed charge analyses of the unoccupied Re, Re-OH and the Re-OH2 sites on the Rh-Re 

particle surface were carried out to probe the nature of the active Re sites. The results are shown 

in Table 4.2. Previous results reported by Miller et al.
 [73]

 indicate that Re in the active Rh-Re 

catalysts is fully reduced whereas results from Tomishige et al. 
[62]

 for Rh-Re and Davis et al.
 [85]

 

for Pt-Re indicate that the Re is partially charged. These differences have led to different 

speculations as to the nature of the active site and its charge state under reaction conditions.   

 

Table 4.2 Charge analyses of the unoccupied Re atoms, the adsorbed water Re-OH2and hydroxyl 

Re-OH with Re located at the terrace, edge and corner sites of the Rh-Re particle
*
. 

 Terrace Edge Corner 

 Re Rh200 Re Rh200 Re Rh200 

Unoccupied Re +0.39 -0.39 +0.34 -0.34 +0.29 -0.29 

Re-OH
 

+0.64 -0.35 +0.62 -0.34 +0.60 -0.33 

Re-OH2 +0.49 -0.62 +0.43 -0.58 +0.38 -057 

* The charges on the adsorbates H2O or OH are not listed, as they can be calculated by taking the 

negative of the sum of the charges on the Rh and Re atoms.   
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        The results in Table 4.2 clearly indicate that Re is positively charged for all three of the 

active site models and that the charge on the Re increases from: 

Lewis acid Re (+0.39) <  Brønsted acid Re-OH2 (+0.49)   <  Brønsted acid Re-OH (+0.64) 

        We see that even in the metallic Rh-Re alloy, the bare Re site is partially positive charged at 

+0.39 for  Re embedded within the Rh terraces. The local Rh atoms become more negatively 

charged as there is a direct charge transfer. The coordination number of the Re atom which 

directly reflects the number of bonds to neighboring Rh atoms influences charge transfer. The 

charge on Re decreases by 0.1 in moving from the terrace site with 9 Rh neighbors (+0.39) to a 

corner site with 7 Rh neighbors (+0.29).  

        The positive charge at the Re site, increases upon the adsorption of water. Water donates 

electrons to the metal particle thus leading to a more negative charge on the overall Rh-Re 

particle. The charge on the Re atom to which water is adsorbed, however is more positively 

charged (+0.38 for the corner Re-OH2 site and +0.49 for the terrace Re-OH2 site) as shown in 

Table 4.2. The charge on the Re increase further upon the adsorption of OH as OH withdraws 

electrons from the metal particle thus resulting in a more positive charge on the Re in the Rh-Re 

particle (+0.60 ~ +0.64).  

        XANES characterization results for the Rh-Re catalyst by Tomishige et al.
[62] 

indicate that 

the Re is positive charged with the oxidation state of about +1 ~ +2.  Our charge analyses show 

that all the three forms of Re atom (unoccupied Re, the adsorbed hydroxyl Re-OH and the 

adsorbed water Re-OH2) are all positively charged to varying degrees with Re-OH being the 

largest.  It is noted that the charge that is calculated is a partial charge. It is difficult to formally 

assign shared electron density to specific atoms. As a result the calculated charges are typically 

less than the formal charge established from experiments. In addition, the experiments measure 
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the mixed oxidation states of the Re atoms and cannot distinguish between the different Re 

atoms on the Rh-Re catalysts. The partial positive charge on the metallic Re atoms on the Rh-Re 

alloy surface would suggest that Re atoms in the Rh-Re surface allow is Lewis acidic similar to 

many low valence Re(I) complexes reported experimentally 
[131-137]

  and adsorb or activate water 

to form Brønsted acid sites.  

 

4.3.3 Ring Opening of THFA at the unoccupied Re site and the Re-OH2 site 

        The reaction path and the corresponding reaction energies for the acid-catalyzed ring 

opening of the cyclic ether THFA at the Re-OH acid sites examined in Chapter 3 indicate that 

THFA ring opens at the Re-OH acid sites via a concerted protonation, ring opening and H-

transfer mechanism to form an oxocarbenium ion. We extend these studies here to examine the 

ring opening of THFA at the Brønsted acid Re-OH2 sites and the Lewis acid unoccupied Re sites 

on a Rh (111) surface model with well dispersed Re in the surface. As shown in Figure 4.4, 

THFA binds at the Re-OH2 site through the ether oxygen with the binding energy of -43 kJ/mol, 

which is about 10 kJ/mol weaker than at the Re-OH site (-53 kJ/mol). The transition state for the 

ring opening of THFA at the Re-OH2 site is similar to that at the Re-OH site as shown in Figure 

4.4. The presence of water from the aqueous media can help to stabilize the transition state. The 

energy barrier calculated with additional water was calculated to be 96 kJ/mol, which is about 12 

kJ/mol higher than at the Re-OH site. The weaker binding of THFA and the higher energy barrier 

for its ring opening at the Re-OH2 site than at the Re-OH acid site is due to the weaker acidity of 

the terrace Re-OH2 than the terrace Re-OH as shown above.    
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Figure 4.4 DFT calculated reactant, transition state and product structures for the ring opening of 

THFA at the Re-OH, Re-OH2 and unoccupied Re sites on the Rh-Re surface. 

 

        The ring opening of THFA at the Re-OH2 sites were subsequently carried out on the more 

representative 201-atom cubo-octahedral cluster model as shown in Figure 4.5 with Re atom 

locating at the terrace, edge and corner of the particle. As shown in Table 4.3, the binding energy 

of THFA at the terrace Re-OH2 site is calculated to be -42 kJ/mol, which is similar to the surface 

model Re-OH2 site reported above. The energy barrier is also similar (98 kJ/mol), indicating the 

simple surface modelled Re-OH2 provides a good representation of the (111) terrace sites on Rh 

metal particles. THFA was calculated to bind more strongly to the uncoordinatively saturated 

edge and corner Re-OH2 sites with adsorption energies of -65 kJ/mol and -85 kJ/mol 

respectively, which is consistent with the increasing acidity of Re-OH2 at the terrace < edge < 

corner site.  
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Table 4.3 Adsorption energies of THFA and activation barriers for its ring opening at Re-OH, 

Re-OH2 and unoccupied Re sites. The units are in kJ/mol. 

  Terrace Edge Corner 

Re-OH 

ΔEads  -53 -54 -55 

ΔEACT  88 38 56 

ΔEACT 
ref* 

76 25 43 

Re-OH2 

ΔEads  -42 -65 -85 

ΔEACT  98 17 28 

ΔEACT 
ref*

 84 -2 7 

Unoccupied Re 

ΔEads  -57 -80 -112 

ΔEACT  104 60 25 

ΔEACT 
ref*

 90 35 -7 

* The ΔEACT 
ref

 is the energy barrier in reference to the state: THFA 
gas

 + Acid···H2O. 

 

        The activation barriers for the ring opening of THFA at the edge and corner Re-OH2 sites 

were calculated to be 17 kJ/mol and 28 kJ/mol respectively, which are much lower than that 

calculated at the terrace Re-OH2 site (98 kJ/mol). The much lower energy barriers are attributed 

to the stronger acidity at the edge and corner sites as well of the stronger binding of the hydroxyl 

group in the transition states to the vicinal coordinatively unsaturated Rh sites as was discussed 

for the ring opening of THFA at the different Re-OH sites in Chapter 3. From Figure 4.5, we can 

see that in the transition state for the ring opening of THFA at the edge Re-OH2 acid site, the 

hydroxyl group binds at a corner Rh atom, which is stronger than at a terrace Rh atom or an edge 

Rh atom that is adjacent to the terrace or corner Re-OH2 acid sites. This neighboring metal site 

effects is stronger than the effect of acidity at these sites. As a result, the activation energy for the 

ring opening of THFA at the edge Re-OH2 acid site is lower than that at the corner Re-OH2 acid 
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site, even though the acidity of Re-OH2 at the edge site is weaker than that at the corner. 

 

 

Figure 4.5 DFT calculated reactant and transition state structures for the ring opening of THFA 

at the terrace, edge and corner Re-OH2 sites on the Rh-Re particle. 

 

        The ring opening of THFA at the unoccupied Re atoms were also investigated as they are 

Lewis acid in character. As shown in Fig 4.4, THFA adsorbs at the Re site in the Rh(111) surface 

through the ether oxygen with an adsorption energy of -68 kJ/mol, which is about -24 kJ/mol 

stronger than the adsorption of THFA at the pure Rh (111) surface (-44 kJ/mol) that we reported 

previously. 
[84]

 The Re
+

 Lewis acid site plays that same role as the H
+
 of the Brønsted acid site 

in that it adds to the oxygen on THFA and promotes the scission of the C-O bond. The ring 

opening reaction proceeds in a concerted manner involving the heterolytic scission of the C-O 

bond together with a simultaneous H-transfer from C1 to C2 to form the oxocarbenium ion, as 
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was the case in the ring opening at the Brønsted acid Re-OH and Re-OH2 sites shown in Figure 

4.4. The activation barrier for ring opening at the Lewis acid Re site was calculated to be 85 

kJ/mol, which is very similar to that calculated for the ring opening of THFA at the Re-OH 

Brønsted acid site (84 kJ/mol).  

        A charge analysis showed THFA donates electrons to the Rh-Re metal surface upon 

adsorption as shown in Figure 4.6 leading to negative charge on the Rh-Re metal (-0.43) and 

positive charge on the THFA adsorbate (+0.43). Similar to the adsorption of water as discussed 

above, the charge on the Re atom to which THFA is adsorbed, however is more positively 

charged (from +0.37 on bare Re to +0.49 on Re-THFA). The scission of the C-O proceeds in a 

heterolytic manner and as such there is a transfer of negative charge into the metal. The negative 

charge on the Rh-Re alloy increases from -0.43 in the reactant to -0.65 in the transition state as 

shown in Figure 4.6. This results in an increase in the positive charge on the THFA in the 

reactant state (+0.43) to (+0.65) in the transition state. This heterolytic charge distribution is very 

similar to that reported Lewis acid catalyzed ring opening of epoxides. 
[145]

  

 

 

Figure 4.6 Charge analyses of the reactant and transition state structures for the ring opening of 

THFA at the Re site on the Rh-Re alloy surface. 

 

        The ring opening of THFA at the Re site on the Rh-Re alloy surface were also carried out on 

the more representative 201-atom particle models as shown in Figure 4.7 with Re atom locating 

at the terrace, edge and corner sites of the particle. The binding energy of THFA at the terrace Re 
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site was calculated to be -57 kJ/mol, which is ~11 kJ/mol weaker than at the Re sites within the 

Rh (111) surface model reported above. The activation barrier for the ring opening of THFA at 

the terrace Re site was calculated to be 104 kJ/mol, which is also about 19 kJ/mol higher than at 

the Re sites within the Rh(111) surface reported above. The results here suggest the simple 

model for the Lewis acid Re sites within the Rh(111) surface is not a very accurate model for the 

Re sites within the (111) surface of the 201 atom metal particle.  This is different than the results 

reported above for the Re-OH and Re-OH2 cases where the simple (111) surface was found to be 

a very good model for the 201 metal particles. 

        THFA was calculated to bind to the coordinatively less edge and corner Re sites in the RhRe 

201 atom cluster much stronger than the terrace Re site with the adsorption energy of -80 kJ/mol 

and -112 kJ/mol respectively. The activation energies for the ring opening of THFA at the edge 

and corner Re sites were calculated to be 60 kJ/mol and 25 kJ/mol respectively, which are much 

lower than that at the terrace Re site (104 kJ/mol). Earlier we showed the direct correlation 

between the acidity as measured by the deprotonation energy and the calculated barriers for 

different Brønsted acid sites. In order to establish the relationship between acidity and activity 

for the different Lewis acid sites we use ammonia adsorption as a measure of the Lewis acid. As 

shown in Figure 4.8, the adsorption energy of THFA and the energy barriers for its ring opening 

at the terrace, edge and corner Re sites can be linearly correlated to the adsorption energy of NH3 

at these three sites. As a result, the activation barriers for the ring opening of THFA at these three 

sites can also be linearly correlated to the adsorption energy of THFA at these three sites, thus 

direct linear relationship between the acidity of the Re Lewis acid site and its acid catalyzed 

activity.   
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Figure 4.7 DFT calculated reactant and transition state structures for the ring opening of THFA 

at the terrace, edge and corner Lewis acid Re sites on the Rh-Re particle. 

 

 

Figure 4.8 Linear correlation of the adsorption energy of THFA and the activation barriers for its 

ring opening at different Re sites on the Rh-Re particle versus NH3 adsorption energies at these 

Re sites. 
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        In order to appropriately compare the energetics for the ring opening of THFA at the three 

different forms of possible acid sites on the Rh-Re alloy particle ( the unoccupied Re, Re-OH and 

Re-OH2), we must appropriately account for the state of the surface under working conditions. 

As the reactions are carried out in an aqueous solution, the surface is likely covered with either 

water or hydroxyl intermediates. We examine detail the state of the surface under working 

conditions in the next section.  For simplicity, we will choose for now a reference state where 

water is adsorbed to the acid site as the reaction is carried out in aqueous media and THFA is in 

solution which we have modeled thus far as a gas phase with THFA and water molecules which 

we can write as: THFA 
gas

 + Acid···H2O. As such the reaction at each of the acid sites will 

require the desorption of water from the site and the adsorption of THFA. The activation energies 

for the ring opening of THFA at different Re-OH, Re-OH2 and unoccupied Re sites calculated 

with respect to the reference state defined here  (EACT
ref

 ) were listed in Table 4.3. We can see that 

the most active site for the ring opening of THFA is the corner Lewis acid Re site with EACT
ref

 at 

about -7 kJ/mol. The edge and corner Brønsted acid Re-OH2 sites and the edge Re-OH acid sites 

are also very active for the ring opening of THFA with EACT
ref

 at about -2 kJ/mol, 7 kJ/mol and 

25 kJ/mol respectively.  

 

4.3.4 Coverage of the unoccupied Re site, Re-OH2 and Re-OH sites 

        Even though we showed above that the unoccupied Re sites, the adsorbed water Re-OH2 

and the adsorbed hydroxyl Re-OH on the Rh-Re alloy surface can all be possible acid sites that 

can catalyze the ring opening of THFA, the reaction activity also depends on the number of each 

site on the Rh-Re catalyst under working conditions. Thus here, we try to calculate the coverage 

of each species at the Re atoms on the Rh-Re surface under the reaction condition at the 
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temperature of 393 K and with H2 pressure of 34 bar. The coverage of these three sites 

(unoccupied Re, Re-OH2 and Re-OH) together with the fully deprotonated Re-O sites are set by 

the equilibrium reactions shown in Figure 4.9, which include: (1) the adsorption/desorption of 

H2O at the Re sites; (2) the activation of the adsorbed H2O to form the adsorbed OH and gas 

phase H2; (3) the continuing activation of the adsorbed OH to form the adsorbed O and the gas 

phase H2. The expressions for the coverage of unoccupied Re, Re-OH2, Re-OH and Re-O sites 

can be derived as shown in Equation (4.8 ~4.11) where the equilibrium constants for each step 

(Ki) are calculated from the free energy change ΔGi by Equation 4.12.  

 

 

Figure 4.9 Reactions that govern the equilibrium between the unoccupied Re site, Re-OH2, Re-

OH and Re-O sites on the Rh-Re surface. 

 

        As shown in Table 4.4, in the gas phase, at the temperature of 393 K, the adsorption energy 

of H2O at the Re atom on the Rh-Re surface is calculated to be 15 kJ/mol, indicating H2O tends 

not to be adsorbed due to the entropy loss after adsorption. However, this calculation in the gas 

phase over-predicts the entropy of water in the condensed phase. From the literature, 
[146]

 the 

entropy of water in the condensed phase is about 92 J/(mol·K) at 393 K, which is much lower 

than the entropy of water in the gas phase (199 J/(mol·K)). With the correction of the entropy of 

water, the adsorption energy of the condensed phase H2O at the Re atom on the Rh-Re surface 
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ΔG1 is calculated to be -27 kJ/mol at the temperature of 393 K, indicating the condensed-phase 

water tends to be adsorbed.  
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        The free energy change for the activation of the adsorbed water Re-OH2 to form the 

adsorbed OH in the gas phase as the free energy for the dissociation of water (ΔG2) is calculated 

to be -25 kJ/mol. The negative value of ΔG2 indicates the equilibrium favors the Re-OH rather 

than Re-OH2. A more negative value for ΔG2 (-36 kJ/mol) is calculated if the reaction is carried 

out in the condensed water phase as shown in Table 4.4. The difference of ΔG2 between the gas 

phase and the condensed phase is the result of the different solvation energy of the adsorbed OH 

(Esolv(Re-OH)) and the adsorbed H2O (Esolv(Re-OH2)) by the water solvent. The difference 

between the solvation energy of the adsorbed OH and the adsorbed H2O [Esolv(Re-OH) - Esolv(Re-

OH2)] thus is calculated to be -11 kJ/mol, indicating the solvation energy for the Re-OH is larger 

than the Re-OH2 in the water solvent. This is likely due to the higher polarity and hydrogen 

bonding of OH over that of H2O. Similarly, the free energy change for the activation of the 
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adsorbed OH to form the adsorbed O (ΔG3) in the gas phase is calculated to be -8 kJ/mol while 

more positive free energy change (27 kJ/mol) is calculated with the water solvent, indicative of 

the larger solvation energy of the adsorbed OH than the adsorbed O by the water solvent due to 

the increased hydrogen bonding of adsorbed OH* over that of O*. The difference between the 

solvation energy of the adsorbed O and the adsorbed OH [Esolv(Re-O) - Esolv(Re-OH)] is 

calculated to be 35 kJ/mol.  

 

Table 4.4 Free energy changes and equilibrium constants for the reaction steps including the 

adsorption of H2O, the activation of H2O* to form OH* and the activation of OH* to form O* at 

the Re atoms on the Rh-Re surface. The units for ΔG are in kJ/mol.   

 ΔG1 K1 ΔG1 K2 ΔG1 K3 

Gas-phase 15 - -25 - -8 - 

Condensed-phase -27 3.6 x10
3
 -36 5.4 x10

3
 27 2.8 x10

-4
 

 

        The free energy changes for each of the reactions in Figure 4.9 were calculated and along 

with their corresponding equilibrium constants K1, K2 and K3 in Table 4.4. By using the value of 

K1, K2 and K3 and the concentration of condensed phase water c(H2O) = 1 and the H2 pressure 

pH2 = 34 bar along with Equations 4.8~4.11, we can solve for the surface coverages of the 

unoccupied Re, Re-OH2, Re-OH and Re-O sites on the Rh-Re alloy surface as show in Table 4.5. 

The results indicate that the Re sites within the Rh-Re alloy surface are predominantly covered 

by OH* as the coverage of OH* was calculated to be ~1 while the coverages of the other sites 

were very small. 

 

 



96 

 

Table 4.5 Coverage of the unoccupied Re site, adsorbed water, adsorbed hydroxyl and adsorbed 

oxygen at the Re atoms on the Rh-Re surface.   

Unoccupied Re Re-OH2 Re-OH Re-O 

3.0 x10
-8

 1.1 x10
-4

 1.00 4.8 x10
-5

 

 

        The coverages for the different OHx intermediates at each of the different sites Re sites 

(terrace, edge and corner) within the Rh-Re particle surface were also analyzed. The large 

computational cost prohibited the simulations of the 201 metal particles in an aqueous solution. 

The simulations for the Rh-Re particle were carried out instead in the gas phase. If we assume 

that the solvation energies of the Re-OH2, Re-OH and Re-O at different Re atoms (terrace, edge 

and corner) on the Rh-Re particle surface do not change with the location of the Re atom, we can 

then readily calculate the free energy changes for reaction (2) and reaction (3) (Figure 4.9) in 

water by adding the appropriate solvation energy contributions [Esolv(OH) - Esolv(H2O)]= -11 

kJ/mol or [Esolv(O) - Esolv(OH)]= 35 kJ/mol reported above to the calculated gas-phase free 

energy changes. As shown in Table 4.6, the free energy changes for the activation of the 

adsorbed H2O to form the adsorbed OH at the terrace, edge and corner Re atoms on the Rh-Re 

particle are all negative, indicating the Re-OH species that forms is thermodynamically the 

favorable state. The free energy changes involving the activation of the adsorbed OH to adsorbed 

O at the terrace, edge and corner Re atoms on the Rh-Re particle in the water solvent were all 

calculated to be slightly positive, thus indicating the Re-O is not as favorable as Re-OH in the 

water solvent.  
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Table 4.6 Free energy changes calculated in gas phase and in water solvent for the adsorption of 

H2O, the activation of H2O* to form OH* and the activation of OH* to form O* at the Re atoms 

on the Rh-Re particle with Re atoms located at the terrace, edge and corner site. The units are in 

kJ/mol. 

 
ΔG1 ΔG2 ΔG3 

 
Gas-phase Water solvent Gas-phase Water solvent Gas-phase Water solvent 

Terrace 25 -16 -11 -22 -29 6 

Edge 11 -31 -72 -83 -33 2 

Corner -13 -55 -111 -122 -34 1 

 

        The free energy changes were used to determine the equilibrium constants K1, K2 and K3 

reported in Table 4.7, which were subsequently used to calculate the coverage of the unoccupied 

Re site, Re-OH2, Re-OH and Re-O sites. The results in Table 4.8 show that at the temperature of 

393K and H2 pressure of 34 bar, the Re atoms at the terrace, edge and corner sites of the Rh-Re 

particle are predominantly covered by OH with about 0.96 ML coverage at the terrace Re atoms, 

0.91 ML coverage at the edge Re atoms and about 0.88 ML coverage at the corner Re atoms.  

Some Re atoms are covered by oxygen with about 0.03 coverage at the terrace Re atoms, and 

about 0.09 coverage and 0.12 coverage at the edge and corner Re atoms respectively. The 

amounts of the unoccupied Re site and the adsorbed water are almost zero.  
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Table 4.7 Equilibrium constants calculated in water solvent for the adsorption of H2O, the 

activation of H2O* to form OH* and the activation of OH* to form O* at the Re atoms on the 

Rh-Re particle with Re atoms located at the terrace, edge and corner site. 

 K1 K2 K3 

Terrace 1.4 x10
2
 8.2 x10

2
 1.7 x10

-1
 

Edge 1.2 x10
4
 7.4 x10

10
 5.6 x10

-1
 

Corner 1.6 x10
7
 1.2 x10

16
 8.1 x10

-1
 

 

Table 4.8 Coverage of unoccupied Re, adsorbed water, adsorbed hydroxyl and adsorbed oxygen 

at the different Re atoms on the Rh-Re particle.   

 Unoccupied Re Re-OH2 Re-OH Re-O 

Terrace 4.8 x10
-5

 6.9 x10
-3

 0.96 0.03 

Edge 5.8 x10
-15

 7.2 x10
-11

 0.91 0.09 

Corner 2.6 x10
-23

 4.2 x10
-16

 0.88 0.12 

 

        As the Re atoms on the surface of the Rh-Re particle are mainly covered by the hydroxyl 

species and the number of the unoccupied Re atom and the adsorbed H2O are very low, the Re-

OH sites are the most plausible active acid sites that catalyze the ring opening of cyclic ethers 

and polyols such as THFA as we showed in Chapter 3. 

 

4.4 Conclusions  

        Detailed x-ray analyses reported in the literature resulted in different speculations as to the 

nature of the acid site in the Re-promoted Rh and Pt systems. In this chapter, we examined 

properties and the reactivity of unoccupied Re sites which serve as Lewis acids as well as 

Brønsted acid sites established via the binding or H2O or OH to the Re sites in the C-O activation 

of THFA and other cyclic ethers and polyols on the Rh-Re alloy surface in aqueous systems.   
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The results indicate that the adsorbed water (Re-OH2) can behave as Brønsted acid sites 

analogous to Re-OH sites that we reported previously.  The acidities of the edge and corner Re-

OH2 sites are even stronger than the Re-OH sites with lower deprotonation energies. The DPE of 

the adsorbed water at the terrace, edge and corner Re atoms were found to be linearly correlated 

to the difference between the binding energy of OH and H2O at these Re atoms [ΔEads(OH) - 

ΔEads(H2O)].  

        NH3 was also shown to strongly adsorb to the free Re atoms on the Rh-Re surface with 

binding energies of -95, -114 and -141 kJ/mol at the terrace, edge and corner Re atom sites, 

respectively. The strong binding of NH3 to the Re atoms on the Rh-Re alloy surface and the 

Brønsted acidity of the adsorbed H2O and OH at the Re atoms on the Rh-Re alloy surface 

suggests the Re atoms on the Rh-Re alloy surface have Lewis acid character. A detailed charge 

analysis of the Re atoms on the Rh-Re alloy surface showed that even the metallic Re atoms 

without adsorbed H2O or OH are positively charged. The adsorption of H2O or OH at the Re 

atoms increase the positive charge on the Re atoms. The partial positive charge on the metallic 

Re atoms on the Rh-Re alloy surface suggests that the low positive oxidation state measured by 

the experiments does not necessarily indicate the formation of oxide of Re on the Rh-Re catalyst. 

        The ring opening of the cyclic ether THFA at the Re-OH2 sites on the Rh-Re alloy surface 

were found to proceed via the same mechanism reported previously at the Re-OH sites, which 

involves the concerted addition of the proton to the oxygen, heterolytic C-O activation ring and 

H transfer from the C1 to the C2 site to form an oxocarbenium ion intermediate. The activation 

barrier for the ring opening of THFA at the terrace Re-OH2 site was calculated to be 98 kJ/mol, 

while much lower energy barriers were calculated for the ring opening of THFA at the edge and 

corner Re-OH2 sites with the energy barrier of 17 kJ/mol and 28 kJ/mol respectively. The lower 
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activation barriers for the ring opening of THFA at the edge and corner Re-OH2 site are the result 

of the higher acidity of these two acid sites as well as the involvement of neighboring 

coordinatively-unsaturated Rh metal atoms in stabilizing the molecular OH in the transition state 

for these two acid sites.  

        The ring opening of THFA at the uncovered Re atoms on the Rh-Re alloy surface also 

proceeds via the concerted ring opening and H-transfer mechanism, similar to that at the 

Brønsted acid sites Re-OH2 and Re-OH. The charge analysis showed that a negative charged 

center on the metal particle and a positive charged center on the carbenium ion are formed in the 

transition state, which is very similar to the transition states of other typical Lewis acid catalyzed 

ring opening of epoxides. It is found that both the adsorption energy of THFA and the energy 

barriers for the ring opening of THFA at the terrace, edge and corner Re atoms on the Rh-Re 

particle can be linearly correlated to the binding energy of NH3 at these different Re atoms, 

which can be a measurement of the acidity of Lewis acids.   

         Even though the adsorbed H2O, OH and uncovered Re atoms on the Rh-Re alloy surface 

can all be possible active sites that catalyze the ring opening of THFA, the reaction rates will 

depend on the number of these active sites on the Rh-Re catalysts under working catalytic 

conditions. DFT results indicate that for reactions carried out at  393 K and H2 pressures of 34 

bar in the aqueous solution, the Re atoms on the Rh-Re alloy particle surface are dominantly 

covered by the hydroxyl group with < 1% adsorbed H2O and unoccupied Re sites. Thus, the 

adsorbed OH at the Re atoms on the Rh-Re alloy surface are likely active acid sites that catalyze 

the ring opening of THFA and other cyclic ethers and polyols over the Rh-Re catalysts.  
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Chapter 5-Entropy Effects on Dissociation of Water and Hydroxyl, and Ring 

Opening of THFA over the Rh-Re Surface in Aqueous Solution 

5.1 Introduction 

        In the previous chapters, we have examined in some detail the nature of the metal and acid 

sites, their properties and the governing pathways and potential mechanisms for hydrogenolysis 

of cyclic ethers and polyols.  Our focus was on the changes in the activation barrier and overall 

reaction energies. We  noted that the solution phase plays an active role in the chemistry and the 

calculated energetic but did not explore in the effects of the solution and the stability of the 

active sites or the influence of entropy in both the formation of the active sites and in the actual 

catalytic transformations. These effects are important and will be analyzed in more detailed in 

this Chapter.  

        In Chapters 3 and 4, we showed that the active sites for the hydrogenolysis of cyclic ethers 

and polyols likely involves the presence of the active metal for hydrogenation (Rh) and oxophilic 

metal (Re) to produce an active acid site which we believe is of the form Re-OH.  In aqueous or 

protic media, unlike in the gas phase or in the hydrocarbon solvent, Brønsted acids dissociate to 

form a proton which is typically in the form of a hydronium ion and the conjugate base. The 

proton which forms can then carry out acid catalyzed chemistry. Similar to the homogeneous 

Brønsted acid systems, the solid acids can also dissociate the O-H bond to form the solvated 

hydronium ions in water. Previous IR spectra by Lercher et al.
[147]

 show that hydronium ions are 

formed when water is adsorbed over the ZSM-5 zeolite with higher molar ratio than the zeolitic 

protons as the IR spectra show bands at 2885 and 2463 cm
-1

 which are characteristic for 

hydronium ions. The X-ray and neutron diffraction data by Brown et al.
[148]

 also show H3O
+
 or 

H5O2
+
 ions are generated when water is assimilated by solid heteropolyacid catalysts. The 
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dissociation of the solid acids raises the question of whether the bound proton or the solution 

phase proton carries out catalysis and will influence the activity for reactions that need to occur 

on the surface of the catalyst. Dumesic et al. 
[72]

 have shown that the hydrogenolysis of cyclic 

ether THFA over the Rh/C catalysts in the presence of homogeneous acids such as HCl or H2SO4 

is over 10x times lower in activity compared to that over the Rh-Re catalysts, which suggests it is 

the surface acid site on the Rh-Re catalysts rather than the hydronium ion in the solution are 

required for the ring opening of THFA. Thus to better understand the nature of the acid sites on 

the Rh-Re catalysts in water solution, the dissociation of the Re-OH acid site on the Rh-Re 

surface in water solution is studied here.  

        In the previous two chapters, we also showed that water readily activates at the Re atoms on 

the Rh-Re alloy surface to form an adsorbed OH that then function as Brønsted acid site. Desai 

and Neurock 
[128]

 previously showed that the activation of water in an aqueous media on a 

bifunctional alloy surface such as Pt-Ru surface likely proceeds via a heterolytic path to form the 

adsorbed hydroxyl intermediates on the surface and protons in the solution. Thus here, we want 

to understand the heterolytic dissociation of water as well as surface hydroxyl groups on the Rh-

Re surface in solution. It is important to note that similar reactions occur in electrocatalytic  

reactions such as the oxidation of CO 
[128]

 and hydrogen evolution 
[149]

 that occur on the electrode 

surface and thus may provide important insights in the nature of the active sites and their 

stability. Previous studies on the activation of water carried out over a metal surface in the 

presence of solution 
[128] 

 indicate that the  reaction proceeds via the heterolytic dissociation of 

water but do not consider the changes in entropy that can occur or the overall free energy of the 

reaction.  Herein we use constrained molecular dynamics simulation to calculate the free energy 

for the activation of water and hydroxyl at the Re atoms on the Rh-Re alloy surface to assess the 
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influence of entropy and reaction conditions.     

        In Chapter 3, we demonstrated that water helped to promote the ring-opening of THFA at an 

acid site on the Rh-Re carried out by stabilizing the transition state and lower the activation 

barrier for ring opening. As this reaction requires the reorganization of the water solvent, the 

entropic changes may be just as important as the enthalpic changes. We use constrained 

molecular dynamics simulation methods here to analyze the ring opening of THFA at the acid 

site on the Rh-Re surface in water solution to further understand this reaction with entropy 

changes considered.    

 

5.2 Computational Methods 

        All of the calculations reported herein were carried out using periodic plane-wave gradient-

corrected density functional theory methods implemented in the Vienna ab initio Simulation 

Package (VASP). 
[89-92]

 The PW91
[93]

 form of GGA exchange correlation functional was used to 

determine the non-local gradient-corrections to exchange and correlation energies. Wave 

functions were constructed by using projector augmented wave potentials (PAW) 
[94, 95]

 within a 

cutoff energy of 396.0 eV.  For all structure optimizations, the electronic energies were 

converged to within 10
-6

 eV and the forces on each atom were optimized to within 0.05 eV Å
-1

.  

A 6x6x1 Monkhorst-Pack 
[96]

 k-point mesh was used to sample the first Brillouin zone.  

        In the molecular dynamics simulation, the electronic energies were converged to within 10
-4

 

using a 3x3x1 Monkhorst-Pack 
[96]

 k-point mesh. The NVT ensemble was used in the molecular 

dynamics simulations. The temperature of 300 K was controlled using a Nose-Hoover 

thermostat. [114, 115]  An integration step of 1 fs was used. The atomic mass of tritium was used for 

all H atoms to avoid thermal separation of ‘hard’ modes such as C-H and O-H stretching modes 
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in the molecular dynamics simulations. 
[150]

  

        The Rh-Re alloy surface was modeled by substituting a Rh atom in the Rh(111) surface 

with Re. For the simulations of the dissociation of water and hydroxyl, the Rh(111) surface was 

modeled using a 3x3 unit cell with four metal layers and a 15 Å vacuum region above the metal 

surface. The solution phase above the metal surface was modeled by filing 24 water molecules 

randomly into the vacuum region resulting in a density of water that is close to 1 g/cm
3
. 

         The simulation for the ring opening of THFA at the Re-OH acid site on the Rh-Re surface 

required a large unit cell to space the THFA molecules further apart. As such, these simulations 

were carried out using a 4x4 unit cell with only two metal layers and a 15 Å vacuum region 

above the metal layers. The top layer was allowed to relax and the bottom layer held fixed to 

their lattice constant for Rh. The acid site was modeled by substituting one of the Rh atoms in 

the Rh(111) with a Re-OH site. The solution phase above the Rh surface was modeled by filling 

40 water molecules randomly in the vacuum region so that the density of water is close to 1 

g/cm
3
. Three water molecules around the acid site are removed to allow space to put the 

adsorbate such as THFA. The structural optimizations with solution phase were carried out after 

molecular dynamics simulations at 400 K for 2 ps to equilibrate the water system.  

        Transition state searches were performed using the dimer method 
[98]

 and the nudged elastic 

band (NEB) method 
[97]

 as introduced in Chapter 2. Charge analyses were performed by using the 

QUAMBO method 
[99-102]

 as also introduced in Chapter 2.  

        Constrained ab initio molecular dynamics were carried out using the SHAKE algorithm. 

[151] 
In this algorithm, the Lagrangian for the system is extended as shown in Equation 5.1. 





r

i

ii qLL
1

0 )(       (5.1) 

where the summation is over geometric constraints and λi is a Lagrange multiplier associated 
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with a geometric constraint σi defined in Equation 5.2:  

iii qq   )()(       (5.2) 

with ξi(q) being a geometric parameter and ξi is the value of ξi(q) fixed during the simulation. In 

the SHAKE algorithm,
[151]

 Lagrangian multipliers λi can be determined in an iterative procedure. 

        In general, the constrained molecular dynamics generates biased statistical averages. It can 

be shown that the correct average for a quantity a(ξ) can be obtained using the Equation 5.3. 
[152-

155] 
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a       (5.3) 

where <…>ξ
*
 stands for the statistical average of the quantity enclosed in angular parentheses 

computed for a constrained ensemble and Z is a mass metric tensor defined as: 
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Thus, the free energy gradient or mean force can be computed using the equation: 
[152-155] 

 
























]
2

[
1 3

1

1

1

12/1

2/1
ZmZ

Z

Tk
Z

Z

A
i

N

i

jii

r

j

kj
B

k       (5.5) 

where λk is the Lagrange multiplier associated with the parameter ξ used in the SHAKE 

algorithm.  

        The free energy profile for a reaction can be calculated by the thermodynamic integration 

method 
[154]

 by integrating the mean forces with respect to the reaction coordinate along the 

reaction path as shown in Equation 5.6., The constrained molecular dynamics simulations were 

carried out with different fixed values of ξ for 5 ps with the time step of 1 fs. The simulations 

were run 2 ps to equilibrate the system first, the mean forces at each of the fixed values of ξ were 
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then calculated after continuing the simulations to 3 additional picoseconds. The free energy 

difference ΔA given by integral in Equation 5.6 was calculated by using the trapezoid rule as 

shown in Equation 5.7. The static error of ΔA due to the convergence of the mean force ϵΔA can 

then be calculated by Equation (5.8).   
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        The constrained molecular dynamics simulations were performed at a constant volume 

rather than at a constant pressure in order to obtain the Helmholtz rather than the Gibbs free 

energies. For condensed phase systems, the difference between the two should be very small.  

 

5.3 Results and Discussions 

5.3.1 Dissociation of water and hydroxyl at the Re atom on Rh-Re alloy surface 

        The structures and calculated energies for the dissociation of the adsorbed water at the Re 

sites on the Rh-Re surface was shown in Figure 5.1. We can see that in the reactant state, the 

adsorbed water covalently binds to the Re via its oxygen and, in addition, forms hydrogen bonds 

to neighboring water molecules in the solution. The reaction proceeds via the heterolytic 

cleavage of the O-H bond via proton-coupled electron transfer path where the electrons from the 

metal are donated into an anitbonding O-H
* 
bond while the proton is transferred to the oxygen of 
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vicinal water molecule in solution to which it was hydrogen-bonded. The solution phase water 

molecule in turn transfers one of its protons to the next adjacent water molecule. The transition 

state structure shown in Figure 5.1 is very similar to that is reported for the water heterolytic 

dissociation on Pt-Ru alloy surface in water solution. 
[128] 

 

 

Figure 5.1 Static DFT calculated reactant, transition state and product structures for the 

dissociation of the adsorbed water at the Re site on the Rh-Re surface in water solvent. 

 

        A detailed charge analysis of the reactant, transition state and product structures for the 

water dissociation process is reported in Table 5.1 and Figure 5.2. As the reaction proceeds, there 

is an increase in the negative charge that results on the hydroxyl intermediate that forms to the 

Re as the reaction proceeds. The charge on the OH in the adsorbed water reactant (-0.28) 

increases to -0.33 in the transition state and finally to -0.37 in the product state. The negative 

charge on the metal surface (Rh35Re) also increases from -0.28 in the reactant state to -0.32 in the 

transition state and -0.40 in the product state. The dissociation of water thus results in the 

formation of a positively charge hydronium ion in the solution and the negatively charged 

surface hydroxyl intermediate in which the charge is located on both the metal as well as on the 

hydroxyl.  
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Table 5.1 Charge analyses of the reactant, transition state and product for the dissociation of the 

adsorbed water at the Re site on the Rh-Re surface in water solvent. 

 Reactant Transition state Product 

OH* -0.28 -0.33 -0.37 

Rh35Re -0.28 -0.32 -0.40 

Rh35Re-OH -0.56 -0.65 -0.77 

 

  

Figure 5.2 Charge changes from the reactant to the transition state and product for the 

dissociation of the adsorbed water (left) and hydroxyl (right) at the Re sites on the Rh-Re surface 

in water solvent. 

 

        The activation barrier for this heterolytic dissociation path of water was calculated to be 13 

kJ/mol and the reaction energy is calculated to be slightly exothermic at -3 kJ/mol. The much 

lower energy barrier for this heterolytic activation path than the metal insertion path showed in 

Chapter 3 (54 kJ/mol) for the activation of water at the Re sites on the Rh-Re surface indicates 

that the heterolytic path is much more favorable. This is consistent with previous simulation 

results for the activation of water on the Pt-Ru alloy surface. 
[128]

 

        The dissociation of the adsorbed hydroxyl at the solution interface proceeds in a very 

similar manner as the activation of the O-H proceeds heterolytically via a proton-coupled 

electron transfer reaction resulting in the formation of the H2O5
+
 Zundel ion intermediate and a 
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negatively charged O* bound to Re in the Rh-Re surface as is shown in Figure 5.3. The transition 

state structure is similar to that for the dissociation of water as shown above in Figure 5.1 that 

covalently bonded hydrogen atom of the adsorbed hydroxyl transfers as proton to an oxygen 

atom on a vicinal water molecule in the solution thus resulting in a negatively charged Re-O 

surface intermediate.   

 

 

Figure 5.3 Static DFT calculated reactant, transition state and product structures for the 

dissociation of the adsorbed hydroxyl at the Re site on the Rh-Re surface in water solvent. 

 

        A detailed charge analysis for the reactant state, transition state and product state reported in 

Table 5.2 and Figure 5.2 shows that the negative charge on the metal surface (Rh35Re) increases 

from +0.06 in the reactant state to -0.03 in the transition state and -0.21 in the product state 

which is similar to that seen for the activation of water. The change in the charge on the O* is 

quite different than that which was found on the OH*. The negative charge was found to increase 

on the OH that forms during the activation of water from -0.28 for the reactant to -0.33 for the 

transition state to -0.37 for the product state, while the negative charge on O* was found to 

decrease from -0.71 in the reactant state to -0.68 in the transition state and -0.60 in the product 

state. These differences are due to the fact that O* can only withdraw electrons from the metal 
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surface where OH* can withdraw as well as donate electrons to the metal surface. Thus, after the 

dissociation of the adsorbed hydroxyl, while the positive charge is on the hydronium ions in the 

solution, the negative charge is located only on the metal surface, but not on the oxygen that is 

adsorbed on the metal surface. 

 

Table 5.2 Charge analyses of the reactant, transition state and product for the dissociation of the 

adsorbed hydroxyl at the Re site on the Rh-Re surface in water solvent. 

 Reactant Transition state Product 

O* -0.71 -0.68 -0.60 

Rh35Re +0.06 -0.03 -0.21 

Rh35Re-O -0.65 -0.71 -0.81 

 

        The activation barrier for the dissociation of Re-OH was calculated to be 10 kJ/mol, which 

is slightly lower than the activation of water (13 kJ/mol). The reaction energy was calculated 

here to be more exothermic at about -22 k/mol. The lower activation barrier along with the 

increased exothermicity for the dissociation of the hydroxide over that for the dissociation of 

water is consistent with the stronger acidity of the adsorbed hydroxyl than the adsorbed water at 

the terrace Re sites on the Rh-Re particle as was reported in Chapter 4. 

 

5.3.2 Entropy effects on the dissociation of water and hydroxyl on Rh-Re surface  

        Constrained ab initio molecular dynamics (AIMD) simulations were carried out on the 

dissociation of the adsorbed water and hydroxyl on the Rh-Re surface to quantify the changes in 

entropy and free energy between the transition and the reactant states as well as the product and 

the reactant states.  As we found in the static simulations, the dissociation of water proceeds via 
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the heterolytic activation of the O-H bond via a PCET process where the proton transfers to a 

vicinal water molecule in solution to form a hydroneium ion intermediate along with the 

formation of a negatively charged OH* intermediate, we use ξ = r(O1-H) - r(O2-H) to represent 

the constrained reaction coordinate in the constrained AIMD simulations as shown in Figure 5.4. 

The static DFT optimized structure for non-dissociated water structure with the value of ξ at 0.66 

Å (r(O1-H1) = 1.67 Å and r(O2-H1) = 1.01 Å) was used to start the simulations and  was taken 

as the zero point in the free energy profile. We can see in Figure 5.5 that the mean force on the 

constraint is almost zero, indicating this structure corresponding to a potential-energy minimum 

is also close to the reactant minimum on the free energy surface. The dissociation reaction was 

subsequently induced by carrying out dynamics simulations at constraint to fixed values of ξ 

along the reaction coordinate ranging from 0.66 Å, 0.51 Å, 0.35 Å, 0.21 Å, 0.07 Å, -0.07 Å, -

0.21 Å, -0.35 Å, -0.51 Å and -0.64 Å.  

 

 

Figure 5.4 Constrained reaction coordinates for the constrained molecular dynamic simulations 

on the dissociation of the adsorbed water and hydroxyl at the Re site on the Rh-Re surface in 

water. 

 

        The mean forces on the constraints or the average of the gradients of the free energy <f> 

were calculated after each of the constrained AIMD simulations. The resulting mean forces along 
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the reaction coordinate shown in Figure 5.5 indicate that the mean force becomes negative after 

gradually decreasing the value of ξ, and then goes back to zero when ξ is about -0.17 Å thus 

indicating the transition state is close to the structure at ξ = -0.17 Å.  The mean force changes 

sign and becomes positive and finally goes back to zero as the value of ξ is decreased further.  It 

ultimately reaches the minimum which corresponds to the product state on the free energy 

surface. 

 

  

Figure 5.5 Mean forces on the constraints (left) and the free energy profiles (right) along the 

reaction coordinate calculated by the constrained AIMD simulations for the dissociation of 

adsorbed water on the Re site on the Rh-Re surface aqueous solution.   

 

        The free energy reaction profile for the dissociation of water at the Re site on the Rh-Re 

alloy surface was calculated by thermodynamically integrating the mean forces along the 

reaction coordinate and the results were reported in Figure 5.5. The free energy profile provides 

for the clear location of the transition state with ξ at about -0.17 Å, which is slightly different 

from the transition state structure located by the static DFT calculations with ξ at about -0.12 Å. 

The free energy difference between the states at ξ= -0.12 Å to ξ= -0.17 Å, however, is less than 1 

kJ/mol. The free energy barrier and the overall free energy of reaction for the dissociation of 
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water at Rh-Re alloy site were calculated to be 16±1 kJ/mol and 8±2 kJ/mol, respectively. The 

constrained AIMD free energy barrier was slightly (3 kJ/mol) higher than the activation energy 

calculated from the static DFT (13 kJ/mol). The overall free energy change for the reaction, 

however was calculated to be 11 kJ/mol more endothermic than reaction energies from static 

DFT calculations. The difference is likely due to entropy effects which are not included in the 

static DFT calculations that were carried out. Assuming that the activation barriers and the 

reaction energies for the dissociation of water calculated via the static DFT calculations are equal 

to the activation and overall reaction enthalpies, the activation entropy (ΔSACT) and the overall 

reaction entropy (ΔSrxn) were calculated to be about -10 J/(mol·K) and -37 J/(mol·K), 

respectively. This suggests that there is a decrease in entropy in the transition state as well as the 

product state compared to that of the reactant state, which is reasonable considering that the 

dissociation of water forms the positive charged proton in the solution, which strongly interacts 

with the water molecules in solution and tends to order the water molecules in the solvent and 

thus decreases the entropy of the system. It’s been reported that the entropy contribution is 

always unfavorable for the dissociation of homogenous acids. 
[156, 157]

    

        Similar constrained AIMD simulations were carried out to examine the dissociation of the 

adsorbed hydroxyl at the Re site of the Rh-Re alloy surface. The same constrained reaction 

coordinate ξ = r(O1-H) - r(O2-H) was used in the AIMD simulations, which starts from ξ= 0.56 

Å followed by the fixed value of ξ at  0.41 Å, 0.27 Å, 0.13 Å, -0.01 Å, -0.16 Å, -0.30 Å, -0.44 Å, 

-0.58 Å ad -0.73 Å along the reaction coordinate as is shown in Figure 5.3. The mean forces 

were calculated from the dynamics simulations at each point along the constrained trajectory and 

are shown in Figure 5.4.  The free energy profile obtained from the thermodynamic integration of 

the mean forces along the reaction coordinate is also shown in Figure 5.4. The mean forces along 
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the reaction coordinate and the free energy profile results indicate that the transition state for the 

dissociation of the hydroxyl at the Re site of the Rh-Re surface occurs at ξ = 0.11 Å, which is 

similar to the transition state structure located by the static DFT calculations (ξ = 0.12 Å). The 

free energy barrier was calculated to be 12±2 kJ/mol and the free energy change for the reaction 

was calculated to be -13±4 kJ/mol.   

                 

  

Figure 5.6 Mean forces on the constraints (left) and the free energy profiles (right) along the 

reaction coordinate calculated by the constrained AIMD simulations for the dissociation of 

adsorbed hydroxyl intermediates on the Re site on the Rh-Re surface in water.   

 

        Compared to the static DFT calculations, the free energy barrier was also found to be 

slightly (2 kJ/mol) higher and the free energy change was ~9 kJ/mol more endothermic. These 

differences are likely due to the contributions from entropy which are not included in the static 

calculations which only consider changes in the potential energy.  If we substitute the potential 

energy changes calculated by the static DFT calculations for the enthalpic changes, we can then 

calculate the entropy change associated with  ΔSACT calculated to be about -7 J/(mol·K) and ΔSrxn 

is calculated to be about -30 J/(mol·K). This decreased entropy for the dissociation of the 

adsorbed hydroxyl on the Rh-Re surface in water solution is also consistent with the dissociation 
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of water we showed above and the reported dissociation of homogeneous acids in water. 
[156, 157]

   

 

5.3.3 Dissociation constants for the adsorbed water and hydroxyl on Rh-Re surface  

        The free energy changes for the dissociation of the adsorbed water and hydroxyl 

intermediates adsorbed to the Rh-Re surface as Brønsted acids can be used to calculate the 

dissociation constant Ka as well as the  pKa for this reaction by Equations 5.9 and Equation 5.10, 

respectively. The dissociation constant for the adsorbed water on the Rh-Re surface was 

calculated here to be 4.0 x 10
-2

 while the value of the pKa was calculated to be 1.39 in water at 

the temperature of 300 K. The dissociation constant for the adsorbed hydroxyl on the Rh-Re 

surface was calculated to be 1.8 x 10
2
 while the value of the pKa was calculated to be -2.26 in 

water at 300 K.  

)exp(
RT

G
Ka


       (5.9) 

RT

G
pKa

303.2


       (5.10) 

        The dissociation constant provides a direct measure of the strength of an acid in solution.  

The value of pKa for adsorbed water (1.39) is comparable to that for the  homogeneous acid 

H3PO4 in water 
[158]

 whereas the acidity of the adsorbed hydroxyl on the Rh-Re surface (-2.26)  is 

comparable to the homogeneous acid HNO3 in water.
 [159]

       

        The negative free energy change and the low pKa calculated for the dissociation of the 

adsorbed hydroxyl at the Re sites on the Rh-Re surface indicate that the corresponding O* 

surface species along with a hydronium ion in the solution phase is thermodynamically more 

favorable and as such adsorbed hydroxyl intermediates act as the Brønsted acid site on the Rh-Re 

catalysts tend to dissociate in water solution. 
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         It is important, however, to note that the calculations and results reported here were carried 

out with only one adsorbed hydroxyl on the Rh-Re alloy surface. If there is more than just one 

hydroxyl intermediate (acid site), which is the case for the actual Rh-Re catalyst, the dissociation 

of the first hydroxyl group will transfer an electron into the metal surface as have shown above 

which will increase the proton affinity of the metal surface thus making it more difficult to 

dissociate the second hydroxyl group just as that is found in multi-protic homogeneous acids as 

well as on supported heteropolyacids. 
[118, 119]

 Further removal of protons would continue to make 

it more difficult to undergo further deprotonation.  

        The heterolytic dissociation of the surface hydroxyl intermediate results in a proton in 

solution as well as an electron that is partially localize on the metal as well as on the oxygen.  

This is analogous to electrochemical systems in which the electrochemical potential sets the 

oxidation or reduction of oxygen-surface intermediates.
[160]

 In our hydrogenolysis system the 

“potential” is not set by an external potential but instead dictated by the equilibrium between the 

gas phase hydrogen and the formation of the solution phase hydronium ion and the negatively 

charged metal surface via the equation: 

0.5 H2  →  H
+
 + e

- 

The high pressure H2 that is used will therefore result in a more negatively charged (reduced) 

surface which will make it more difficult to activate the surface hydroxyl intermediates on the 

Rh-Re metal surface. The equilibrium between the adsorbed hydroxyl species and the gas phase 

H2 at the reaction condition examined herein indicate that the Re sites on the Rh-Re surface are 

predominantly covered by the hydroxyl intermediates with very low concentrations of surface 

oxygen. The investigation of the dissociation of adsorbed water and hydroxyl on the Rh-Re 

surface with potentials on the metal surface requires the use of the double reference method 
[160]

 



117 

 

developed to analyze electrochemical systems and is proposed as future work. 

 

5.3.4 Entropy changes for the Ring opening of THFA at the acid sites on Rh-Re surface 

        The ring opening of the cyclic ether THFA at the Re-OH acid site on the Rh-Re surface in 

aqueous solution was calculated by static DFT calculations and discussed previously in Chapter 

3. The reaction was found to proceed via a concerted protonation, ring opening and H transfer 

process. The aqueous media was found to stabilize the transition state. While these calculations 

provide the changes in potential energy, they neglect the changes in entropy which may be 

important for such ring opening reactions. They also did not consider the dynamic nature of 

water and the number of different possible configurations of water. Herein, we carry out the 

constrained ab initio molecular dynamics (AIMD) simulation to follow the entropy and free 

energy changes during the course of the reaction. As shown in Figure 5.7, six constrained 

reaction coordinates are required to follow the ring opening reaction of THFA at the Re-OH acid 

site on the Rh-Re surface with constrained AIMD simulations: ξ1 = d(O1-H1)-d(O2-H1), ξ2 = 

d(C2-O2),  ξ3 = d(C1-H2)-d(O3-H2), ξ4 = d(C2-H2), ξ5 = d(O4-H3)-d(O5-H3) and ξ6 = d(O2-

Rh).  

       The structure for the free energy transition state is required to calculate the free energy 

barrier for the ring opening of THFA at the Re-OH acid site on the Rh-Re surface by the 

constrained molecular dynamics simulation. The algorithms 
[161]

 needed to locate the free energy 

transition state have not been implemented yet in the VASP code. We therefore use here instead 

the potential energy transition state structure located by the static DFT calculations to 

approximate the free energy transition state structure. It’s been reported that the free energy 

transition state structure is very close to the potential energy transition state at the modest 
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temperature of 300 K for the proton exchange reaction of hydrocarbons over acidic zeolite.
 [150]

 

     

 

Figure 5.7 Constrained reaction coordinates for the constrained molecular dynamics simulations 

on the ring opening of THFA at the Re-OH acid site on the Rh-Re surface in water. 

 

        The constrained molecular dynamics simulations for the ring opening of THFA at the Re-

OH acid site on the Rh-Re surface were carried out by fixing the set of [ξ1, ξ2, ξ3, ξ4, ξ5, ξ6] in 

different values along the reaction coordinate as shown in Table 5.3. After the molecular 

dynamics simulations were finished, the mean forces on the constraints were calculated as also 

shown in Table 5.3. We can see that the mean forces on the six constrained reaction coordinates 

of the transition state structure are less than 0.1 eV/Å, which are small enough compared to the 

system error of the constrained molecular dynamics methods, indicating the transition state 

structure located by the static DFT calculations is similar to the free energy transition state 

structure.  
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Table 5.3 Fixed values of the set of constrained reaction coordinates and the calculated mean 

forces on the constraints calculated by the constrained molecular dynamics simulations on the 

ring opening of THFA at the Re-OH acid site on the Rh-Re surface in water. The units for the 

constrained reaction coordinates ξ are in Å, and the units for the mean forces are in eV/Å. 

 ξ1 <f>ξ1 ξ2 <f>ξ2 ξ3 <f>ξ3 ξ4 <f>ξ4 ξ5 <f>ξ5 ξ6 <f>ξ6 
R 0.71 -0.08 1.48 -0.00 1.68 -0.04 2.11 -0.09 0.85 0.06 2.66 -0.02 

IMG1 0.57 -0.20 1.58 1.06 1.57 -0.10 2.03 -0.36 0.81 0.18 2.61 -0.12 

IMG2 0.44 -0.34 1.67 1.44 1.47 -0.02 1.95 -0.58 0.78 0.13 2.57 -0.06 

IMG3 0.30 -0.42 1.77 1.36 1.36 -0.08 1.87 -0.82 0.74 0.03 2.53 0.01 

IMG4 0.17 -0.39 1.86 1.23 1.25 -0.08 1.79 -0.89 0.70 -0.02 2.49 -0.01 

IMG5 0.03 -0.24 1.96 0.88 1.13 -0.15 1.72 -0.64 0.66 -0.03 2.44 0.14 

IMG6 -0.10 0.07 2.05 0.41 1.02 0.09 1.64 -0.43 0.62 0.02 2.40 0.11 

IMG7 -0.24 0.16 2.15 0.22 0.91 -0.02 1.57 -0.31 0.58 -0.04 2.36 0.05 

IMG8 -0.37 0.18 2.25 0.10 0.80 0.09 1.50 -0.15 0.54 0.02 2.32 0.02 

TST -0.50 0.06 2.34 0.02 0.69 0.06 1.43 0.08 0.50 0.01 2.28 0.04 

 

        The free energy profile from the reactant state to the transition state for the ring opening of 

THFA at the Re-OH acid site on the Rh-Re surface was then calculated by the thermodynamic 

integration of the mean forces along the reaction coordinates as shown in Figure 5.7. The free 

energy barrier is calculated to be 111 ± 6  kJ/mol, which is significant higher than that for the 

static DFT calculations (84 kJ/mol). If using the static DFT calculated potential energy barrier to 

approximate the enthalpy change, the entropy contribution to the activation barrier is calculated 

to be about -90 J/(mol·K). The decreased entropy from the reactant to the transition state is due 

to the stronger interaction between the solvent water and the charged transition state as have been 

shown in Chapter 3. Thus the solvent water can affect the ring opening reaction of THFA at the 

Re-OH acid site on the Rh-Re surface in both enthalpy change and entropy change.  
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Figure 5.8 Free energy profiles calculated by the constrained molecular dynamics and 

thermodynamic integration for the ring opening of THFA at the Re-OH acid site on the Rh-Re 

surface in water. 

 

         The static DFT calculations showed that without the solvent water, the activation barrier for 

the ring opening of THFA at the Re-OH acid site on the Rh-Re surface was calculated to be 160 

kJ/mol. Thus the presence of solvent water can lower the potential energy barrier by about 76 

kJ/mol due to the stabilization of the transition state by water. The strong stabilization of the 

transition state by water in turn however will also decrease the entropy of the system, which 

contributes about 27 kJ/mol to the barrier for the ring opening of THFA at the temperature of 300 

K. The potential energy contribution to the activation barrier due to the presence of the solvent 

water is more significant than the entropy contribution, thus the total effect of the solvent water 

is to facilitate the ring opening reaction of THFA at the Re-OH acid site on the Rh-Re surface.          

        Considering the entropy changes in the ring opening of THFA at the Re-OH acid site on the 

Rh-Re surface, the free energy barrier is about 27 kJ/ higher than the potential energy barrier we 

showed in Chapter 3, which changes the energy diagram we showed in Figure 3.8 for the overall 

hydrogenolysis diagram for THFA hydrogenolysis on the Rh-Re surface including the 
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hydrogenation steps on the metal sites and changes our understanding of the kinetics. However, 

as also shown in Chapter 3, the metal atoms around the acid sites and the acidity of the acid sites 

can both influence the potential energy barriers for the ring opening reaction. Thus, even with 

entropy changes considered for the ring opening step of THFA, the rate limiting step at the 

second hydrogenation step we proposed previously may still not change if the ring opening 

reaction occurs at the edge or corner acid sites or at the acid sites with stronger acidity on the Rh-

Re catalysts.  

 

5.4 Conclusions 

        In this chapter, we studied the heterolytic dissociation of the adsorbed water at the Re sites 

on the Rh-Re surface to form a locally solvated hydronium ion near the metal and hydroxyl 

intermediates on the metal surface. The reaction proceeds via proton-coupled electron transfer 

reaction where the proton goes on to form a hydronium ion stabilized by water molecules at the 

interface, a negative charge located on both the metal surface and the surface OH* intermediate. 

The activation barrier for the heterolytic dissociation of water was calculated to be 13 kJ/mol, 

which is much lower than the metal insertion route that proceeds for the gas phase activation of 

water over a metal surface. Constrained ab initio molecular dynamics simulation showed that the 

free energy for the dissociation of water at the Re site on the Rh-Re alloy was less favorable than 

that for the enthalpy due to entropic losses that result in the strong interactions between local 

water molecules and the charged hydronium ion that forms, which is in consistent with the 

reported dissociation of homogeneous acids in water.  

        The activation barrier for the dissociation of the adsorbed hydroxyl that result at the Re site 

on the Rh-Re surface to form the hydronium ions in water solution and oxygen intermediates on 



122 

 

the metal surface was found to be lower than that for dissociation of the adsorbed water at these 

same sites. In addition, the reaction energy for the dissociation of the O-H bond for Re-OH bond 

was found to be more exothermic than the O-H bond for the dissociation of Re-OH2. These 

results are consistent with the trend of the acidities of the adsorbed water and hydroxyl at the 

terrace Re atom of the Rh-Re particle we showed previously. Constrained ab initio molecular 

dynamics simulation also showed a loss of entropy for the dissociation of the adsorbed hydroxyl, 

which is consistent with the dissociation of the adsorbed water on the Rh-Re surface and the 

dissociation of homogeneous acids.  

        The negative free energy change for the dissociation of the adsorbed hydroxyl on the Rh-Re 

surface and the low pKa indicates the adsorbed hydroxyl on the Rh-Re surface tends to dissociate 

and the hydronium ions in the water solution is thermodynamically more favorable. However, if 

there are more hydroxyl groups on the Rh-Re surface, the continued dissociation of the second 

hydroxyl will be more difficult than the first hydroxyl due to the extra charge on the metal 

surface formed by the dissociation of the first hydroxyl.  

        Constrained ab initio molecular dynamics simulations for the ring opening of THFA at the 

Re-OH acid site on the Rh-Re surface revealed a free energy barrier of ~111 kJ/mol, which 

indicates the entropy contribution to the energy barrier is significant at about 27 kJ/mol at the 

temperature of 300 K. The loss in entropy in going from the reactant state to the transition state is 

due to the stronger interaction of the solvent water with the charged transition state structure. The 

solvent water molecules were found to lower the enthalpy and decrease the entropy for the ring 

opening of THFA. The solvent water can stabilize the transition state, which decreases the 

activation barrier by about 76 kJ/mol. The stabilization of the transition state by the solvent water 

however in turn results in a loss in entropy. The increased stabilization due to enthalpy wins out 
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over the loss in entropy due to the stabilization of the transition state, thus resulting in an overall 

stabilization of the transition state and overall lower reaction energy involved in the ring opening 

of THFA at the Re-OH acid site on the Rh-Re surface. 
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Chapter 6-Summary and Conclusions 

        First-principle quantum chemical calculations were used along with detailed kinetic 

analyses in this dissertation to understand the fundamental mechanisms that control the selective 

hydrogenolysis of biomass-derived cyclic ethers and polyols on non-promoted and Re promoted 

Rh catalyst. We examined the reaction paths for the hydrogenolysis of the simple model polyol 

compound 1,2-propanediol on non-promoted Rh surface. The results showed that the C-O bond 

breaking of 1,2-propanediol at the less substituted terminal carbon to form 2-propanol proceeds 

through the formation of the CH3CH(OH)CH*OH hydroxyalkyl intermediate which is formed by 

activating the terminal C-H bond. Similarly, the C-O breaking of 1,2-propanediol at the more 

substituted center carbon to form 1-propanol proceeds through a similar CH3C*(OH)-CH2OH 

hydroxyl alkyl intermediate which, however, is not formed by directly activating the central C-H 

bond at the center carbon of 1,2-PDO, but is formed instead through multiple steps involving the 

hydrogenation of the ketone intermediate CH3(C*=O*)-CH2OH. Kinetics analyses of the 

hydrogenolysis of 1,2-propanol on the Rh(111) surface shows that OH* and 

CH3CH(OH)CH*OH may build up the metal surface and the hydrogenation of OH* and the C-O 

activation of CH3CH(OH)CH*OH steps are likely to be the rate limiting steps at low hydrogen 

pressure. It’s also found that selectivity of 2-propanol is higher than that over 1-propanol, 

indicating the less substituted terminal C-OH is more reactive in the hydrogenolysis of 1,2-PDO 

on Rh(111) surface. Comparison of the hydrogenolysis of 1,2-propanediol with the mono-

functional alcohol 1-propanol and 2-propanol showed that the α-OH in the molecule of 1,2-

propanol can facilitate the O-H bond, C-H bond and C-O bond activation steps that are important 

in the hydrogenolysis process on the Rh(111) surface.  

       We subsequently examined the selective hydrogenolysis of tetrahydrofurfural alcohol 
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(THFA) and other cyclic ethers on the Re-promoted Rh catalyst. The selectivity of the 

hydrogenolysis of THFA on the Rh-Re catalyst does not appear to proceed via the metal-

catalyzed mechanism.  The reaction instead appears to proceed via acid sites on the Re-promoted 

Rh catalyst which were further confirmed by both the experiments and our DFT calculations. 

The acid catalyzed ring opening of THFA proceeds at Re-OH sites via a proton-coupled electron 

transfer path involving a concerted protonation, ring opening and H transfer process to form an 

oxocarbenium ion intermediate. Both the presence of the OH group that is α to the C-O bond 

activated and protic solvents such as water can help to stabilize the transition state and lower the 

activation barrier. In aqueous solution, the oxocarbenium ion is not stable and deprotonates to the 

water solvent to form the δ-hydroxyvaleraldehyde intermediate. The proton in water then shuttles 

back to regenerate the surface acid sites and the formed δ-hydroxyvaleraldehyde intermediate 

then hydrogenates through an hydroxylalkyl intermediate at the Rh metal sites to form the final 

product 1,5-pentanediol.  

        The DFT calculations combined with the experiments showed that the second 

hydrogenation step of δ-hydroxyvaleraldehyde at the metal site is likely to be rate-limiting in the 

hydrogenolysis of THFA on the Rh-Re catalyst. The proposed elementary steps were used to 

establish a detailed rate expression for the hydrogenolysis kinetics for THFA over Rh-Re alloy 

which reveals a first order dependence on the hydrogen partial pressure as well as a first order 

dependence on the concentration of THFA at the low THFA concentration conditions which 

agrees with the results from experiments.  

        Ring opening of THFA at different acid sites on Rh-Re surfaces showed that the acidity of 

the Re site as well as the degree of coordination of the vicinal Rh sites influence the activation 

barriers. The acid site strength enhances the rate of proton transfer and rate of ring opening 
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whereas the coordinatively-unsaturated Rh sites stabilize the OH group formed in the transition 

state which lowers the activation barrier for the ring opening of THFA. It was also found that the 

adsorption energy of THFA and the activation barrier for ring opening at different acid sites on 

the Rh-Re surface can both linearly correlated to the deprotonation energy of the acid sites. 

These correlations also appear to hold for the ring opening of THFA at the acid sites on a series 

of bimetal alloys comprised of other reducible metals such as Rh, Pt, Ir and Pd and other 

oxophilic promoter metals such as Re, Mo, W and Ru.  

        The mechanism for the hydrogenolysis of THFA over the Rh-Re catalyst was extended to 

other cyclic ethers and polyols through the use of Born-Haber cycle analysis. The activation 

barriers for the C-O bond activation of various cyclic ethers and polyols at the Rh-Re acid site 

were found to be linearly correlated to their gas phase carbenium ion formation energies.   

        In order to provide further insights into the nature of active Re sites we examined adsorbed 

water Re-OH2, hydroxyl intermediates Re-OH and the unoccupied metallic Re sites in aqueous 

system based on the experimental characterization results reported in the literature. Both the Re-

OH2 and Re-OH sites appear to behave as Brønsted acid sites. Re-OH2 sites at the edge and 

corners of the cluster were found to be even more acidic than their corresponding Re-OH sites.  

In addition to the Brønsted acid sites, the unoccupied Re sites on the Rh-Re surface were found 

to act as Lewis acid sites.  

        Detailed charge analyses showed that even the metallic Re atom sites without adsorbed H2O 

or OH result in positively charged Re centers as a result of the charge transfer to the neighboring 

Rh sites. The adsorption of H2O or OH at the Re sites increase the positive charge on the Re 

atoms.  
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        The ring opening of THFA at the Re-OH2 sites showed the similar transition state as at the 

Re-OH acid site with even lower energy barriers at the edge and corner Re-OH2 sites due to the 

stronger acidity. The ring opening of THFA at the unoccupied Re sites on the Rh-Re surface 

proceeds via the Lewis acid catalyzed concerted ring opening and H transfer mechanism similar 

to that at the Brønsted acid site Re-OH and Re-OH2. The charge analysis of the transition state 

showed the negative charged center on the Rh-Re metal surface and the positive charge center on 

the carbenium ion in the transition state, which is similar to the transition states reported for 

typical Lewis acid catalyzed ring opening of epoxides, confirmed the ring opening of THFA at 

the unoccupied metallic Re site on the Rh-Re surface is likely to be a Lewis acid catalyzed 

chemistry. Both the adsorption energies of THFA and the activation barriers for its ring opening 

at different unoccupied Re sites on the Rh-Re particle were found to be linearly correlated to the 

binding of NH3 at these different sites, which is a probe of  Lewis acid acidity.  

        Even though the Re-OH, Re-OH2 and the unoccupied Re sites on the Rh-Re surface can all 

be possible acid sites that catalyze the ring opening of THFA and other cyclic ethers and polyols, 

the analyses of the coverage of these different sites showed Re-OH is the dominant sites on the 

Rh-Re surface at the reaction condition, which suggests the Re-OH is more likely to be the acid 

site on the Rh-Re catalyst that is responsible for the ring opening of THFA and other cyclic 

ethers and polyols. 

        In water solutions, Brønsted acid sites are likely to dissociate to form the hydronium ions in 

the solution, which will influence the reactions that occur at the surface acid sites. The activation 

of water at Re site of the Rh-Re alloy surface proceeds through the heterolytic path to form a 

local solvated hydronium intermediate near the metal surface and Re-OH species. The activation 

of the O-H bonds from the Re-OH and Re-OH2 sites were examined in detail using constrained 
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ab initio molecular dynamics simulations to establish the free energy changes for reaction. The 

results confirmed that dissociation proceeds heterolytically at the Re center. The free energy 

barrier and free energy change for the dissociation of the adsorbed hydroxyl Re-OH on the Rh-

Re surface to form the hydronium ion is about 12 kJ/mol and -13 kJ/mol respectively. The 

dissociation of Re-OH2 and Re-OH both resulted in entropic penalties which is consistent with 

the reported dissociation of homogenous acids. The negative free energy change for the 

dissociation of Re-OH on the Rh-Re surface and the calculated low pKa indicates the ReOH site 

on the Rh-Re surface dissociates and the hydronium ion in the water solution is 

thermodynamically more favorable. However, if there’re more hydroxyl groups on the Rh-Re 

surface, the subsequent dissociation of the second hydroxyl is much more difficult than the first 

hydroxyl as the negative charge on the metal that results significantly decreases the acidity of the 

metal which is analogous to what occurs in multi-protic homogeneous acids.  

        Constrained molecular dynamics simulations on the ring opening of THFA at the Re-OH 

acids on the Rh-Re surface in water were carried out to understand the entropy effects. The 

results showed a decrease in entropy in moving from the reactant to the transition state due to the 

stronger interaction of the solvent water with the charged transition state. The loss of entropy 

results in a higher free energy barrier for the ring opening of THFA. The water solvent can 

therefore act to influence both the enthalpy and the entropy for the activation and ring opening of 

THFA at the Re-OH site. The solvent water can effectively stabilize the ring opening transition 

state, which lowers the activation energy by ~76 kJ/mol. The stabilization of the transition state 

by the solvent water however leads to a loss in entropy. The enthalpy effect by the solvent water 

is more significant than the entropy change, which leads to the total effect of the solvent water is 

to facilitate the ring opening reaction of THFA at the Re-OH acid site on the Rh-Re surface.  
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