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Abstract 

 

Understanding and quantifying how the active sites in supported metal catalysts can be 

modified is critical for rationally designing catalysts. This problem is particularly complex for 

reactions that occur at the metal support interface (MSI) due to the multiple chemistries associated 

with the metal and the support. In this study, we used the oxidation of substituted benzyl alcohol 

over Au/TiO2 and Au/Al2O3 to probe MSI chemistry. Substituents impacted substrate binding, 

deprotonation, and the rate-limiting transfer of a hydride from benzyl alcohol to Au, as shown by 

a combination of Michaelis-Menten (M-M) saturation kinetics and kinetic isotope effects. 

Hammett studies performed with a single substrate versus those done with two substrates together 

in  competition experiments showed significant differences, which were attributable to stronger 

competitive adsorption on the support by more electron rich alcohols. The M-M analysis showed 

alcohol substitution impacts substrate binding and deprotonation equilibria, which in turn affect 

the number of  active alkoxides adsorbed at the MSI. Hammett slopes should therefore be measured 

under saturating conditions using one substrate at a time. The Hammett slopes measured for 

heterogeneous systems in this manner agree well with the KIE-Hammett slope relationship 

determined in homogeneous systems, which provide information on the early or late nature of the 

transition state. Our results show that the combination of Michaelis-Menten and Hammett 

techniques for benzyl alcohol oxidation provide mechanistic information associated with the MSI 

chemistry of supported Au catalysts as well as information on active site electronics.  

 

 

Keywords: benzyl alcohol oxidation, Hammett studies of heterogeneous catalysts, Au/TiO2, metal-

support interface, Michaelis-Menten studies of heterogeneous catalysts 
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Introduction  

Understanding and quantifying changes to the structural and electronic properties of the 

catalytic active site is vitally important for rational catalyst design; however, few experimental 

methods provide direct insight into the chemistry at and near the active site during catalysis. This 

is particularly true when the active site is associated with the metal-support interface (MSI). The 

number of MSI sites is only a small fraction of the total number of metal sites, which dramatically 

complicates structural characterization. Further, chemistry at the MSI is governed by multiple, and 

often competing factors, including the acid/base property of the oxide support and the electronic 

character of the metal, which may be affected by interactions with the support.1-19 Disentangling 

these complex chemistries been particularly helpful in understanding catalysis over supported Au 

nanoparticles, where the MSI has been shown to play a key role in many reactions.13-18     

 Hammett studies and Michaelis-Menten (M-M) kinetics can be useful tools for 

understanding how various structural and electronic effects influence catalytic reactions; however, 

they have only recently begun to be applied to heterogeneous systems.20-25 Hammett studies can 

elucidate subtle mechanistic details in both homogeneous26-32 and heterogeneous reactions,33-36 but 

are just materializing as tools to probe active site electronics37. The M-M treatment emerged as an 

effective tool in enzyme catalysis at a time when little was known about the structure of enzymatic 

active sites. In this respect, reactions at the MSI are similar to enzymatic reactions because of the 

structural complexity and multiple types of chemistries potentially involved at the active site. In 

many cases, the mechanistic and structural details of the active site(s) are unknown. Here we show 

how principles commonly employed in studying enzyme and homogeneous catalysts can be used 

to gain insight into the chemistry taking place at MSI during benzyl alcohol oxidation over 
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supported Au catalysts. For single substrates the M-M equation and the Langmuir-Hinshelwood 

(LH) equation, which is more commonly used in heterogeneous catalysis, yielded identical results.  

The catalyzed oxidation of benzyl alcohol is a well-studied reaction in both homogeneous 

and heterogeneous systems. In the homogeneous catalysis literature, several groups have reported 

KIE values for the benzylic H between 1.3 and 5,27-31, 38 indicating C-H bond breaking is rate 

determining.  Using Pd(IiPr)(OAc)2(H2O) (IiPr= 1,3-bis(2,6-diisopropylphenyl)imidazol-2-

ylidene) as a catalyst, Mueller et al. showed base is required for Pd-catalyzed alcohol oxidations 

in their system,27 and went on to provide strong mechanistic evidence for alcohol deprotonation 

followed by hydride transfer.27  Using a  Pd(OAc)2/Pyridine catalyst system, Stahl’s group showed 

benzyl alcohol can bind to Pd directly, but undergoes rapid deprotonation.39  In both cases, rate-

limiting hydride transfer occurred from an alkoxide rather than directly from the alcohol. Sigman’s 

group also found strong correlations between KIE values and Hammett slopes when hydride 

transfer is rate limiting.27, 40 A large Hammett slope (>1) was measured along with a small KIE 

was interpreted as a late transition state40, while a large KIE (around 5) and a smaller Hammett 

slope (around 0.5) was interpreted as an early transition state.27 

The general mechanistic conclusions from these studies are mirrored in heterogeneous 

systems, particularly for supported Au catalysts. Several groups have reported primary kinetic 

isotope effects associated with benzylic hydrogen transfer.36, 41  Similarly, Abad et al. found a 

linear free energy relationship with r < 0 over Au/CeO241, as did Fristrup et al. over Au/TiO2.36 

Kumar et al. also measured Hammett relationships for Au/ZnO2, Au/TiO2, Au/SiO2, and 

Au/Al2O3.37 Together with spin trapping experiments by Chechik et al.42, these studies all support 

the conclusion that hydride transfer from the benzylic carbon is the rate determining step in benzyl 

alcohol oxidation over supported Au catalysts. DFT calculations also suggest that alcohol 
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deprotonation is required37, 43-44, in agreement with the homogeneous catalysis literature.27, 39, 45 

The catalytic cycle is completed through the adsorption of O2, which reacts with adsorbed hydride 

to ultimately produce water.46  Because these steps occur after rate determining hydride transfer, 

they have smaller impacts on the intrinsic reaction kinetics.     

This mechanistic understanding provides a rationale for using a combination of saturation 

kinetics and Hammett studies to evaluate electronic effects on a catalytic active site. Electronic 

metal-support interactions (EMSI) can modify active sites on metals.47-48 Kumar et al. showed that 

experimental Hammett slopes determined on supported Au catalysts scale with the work function 

of the support.37  DFT calculations in that study also showed that the transition state in hydride 

transfer is sensitive to the charge on the accepting Au nanoparticle.37   

In this work, we use a M-M analysis of benzyl alcohol oxidation to extract KM and νmax 

values for substituted benzyl alcohols over Au/TiO2 and Au/Al2O3 catalysts. We show that a 

combination of M-M kinetics, kinetic isotope effect (KIE) experiments, a Langmuir adsorption 

analysis, and Hammett studies can be used to evaluate the relative impacts of substrate adsorption, 

deprotonation, and hydride transfer on the reaction rate. We also compare results from substrate 

competition experiments, which are often used in Hammett studies26, 36, 49-50, to more traditional 

single substrate experiments. Comparing these two methods reveals important considerations 

regarding substrate binding to the catalysts49-50 and provides insight into the interplay between 

substrate adsorption and deprotonation that differentiates heterogeneous from homogeneous 

systems. This analysis facilitated the extraction of reliable hydride transfer rate constants, which 

places the heterogeneous Hammett slope-KIE relationship squarely in line with that of 

homogeneous systems.  
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Results and Discussion: 

Two catalysts, commercially available 1% Au/TiO2 and freshly prepared 1% Au/Al2O3  

were studied in this work. Characterization details for the Au/TiO2 catalyst, which has average Au 

nanoparticle size of 2.7 ± 1 nm, have been previously reported.37 The Au/Al2O3 was prepared via 

deposition-precipitation as described previously.51-52  Transmission electron microscopy (TEM) 

indicated similar but slightly smaller Au particle sizes (1.8 ± 0.4 nm) for the Au/Al2O3 catalyst. 

Preparation details and representative TEM images are available in the supporting information.  

Alcohol oxidation kinetics were studied at 60 °C in batch reactors using toluene as solvent; 

see supporting information for details. Measured rates were insensitive to the stirring rate and 

scaled with the catalyst mass, indicating the reaction is not limited by external mass transfer or 

mass transfer between the liquid and gas phases. The reaction is 0th order with respect to O2 under 

our conditions.  This, along with the saturation kinetics observed for benzyl alcohol similarly 

indicate the reaction is not limited by internal mass transport. Typical experimental uncertainty in 

measured rates is ~ 20%; see supporting information for further details. 

Michaelis-Menten analysis of single substrate experiments. Figure 1 shows the reaction 

rate dependence on substrate concentration (saturation plots) for 4-methoxylbenzyl alcohol 

(CH3O-BA), 4-methoxylbenzyl-𝛼, 𝛼-D2 alcohol (CH3O-𝛼, 𝛼-D2 BA), and 4-(trifluoromethyl) 

benzyl alcohol (CF3-BA) over the Au/TiO2 catalyst. For all substrates, the initial reaction rate 

(mM/min) increased with the substrate concentration until it reached a maximum value, indicating 

the reaction becomes kinetically saturated, Figure 1.  
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Figure 1. Saturation plots of Au/TiO2. The symbols are experimental data measured in single 
substrate reactions; lines are plotted using the extracted KM and νmax values reported in Table 1.  

                                           

The saturation kinetics observed in Figure 1 can be described with a generic mechanism 

similar to the M-M mechanism, as shown in Scheme 1. Applying Scheme 1 to Au catalyzed benzyl 

alcohol oxidation, C (the catalyst) represents the active site at the MSI of the Au nanoparticle, S 

represents the substrate, CS’ describes the activated alcohol / alkoxide bound at the MSI, and P is 

the benzaldehyde product. This results in a formal hydride adsorbed to the Au nanoparticle, which 

subsequently reacts with O2.  Oxygen is constantly supplied to the reaction, and the reaction rate 

is independent of O2 pressure under our conditions37, 53, indicating that Au-H oxidation to re-

generate the catalyst is fast and occurs after the rate-determining step.36-37, 41 Our focus on the 

mechanistic details of associated with hydride transfer step allows us to examine low conversions; 

consequently, our simplified scheme does not require inclusion of Au-H oxidation steps to 

accurately model the kinetic data.  The goal of this work is to simplify the reaction network so that 

we can more readily evaluate the steps leading up to hydride transfer, and ultimately use this 

information to evaluate differences between catalysts.  However, we note that oxygen adsorption 

and hydride oxidation are important for reactions carried out at higher conversions or with other 

catalyst systems and should be accounted for under when evaluating the full reaction network.46   
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Scheme 1. Michaelis-Menten mechanism 
 

The first step in Scheme 1 is an “assembly equilibrium”, which incorporates all substrate 

adsorption steps and any activation steps required to produce the adsorbed intermediate(s) 

involved in the rate determining step. In the specific case of benzyl alcohol oxidation, the assembly 

equilibrium includes alcohol adsorption onto the support and activation of the –OH group, 

followed by rate determining hydride transfer to that Au nanoparticle.37  Alcohol activation may 

involve hydrogen bonding of the alcohol with a basic surface hydroxyl group at or near the metal-

support interface, or full deprotonation to an adsorbed alkoxide.27, 37-38, 43-45, 54 Indeed, several 

studies have concluded that alcohol deprotonation is required for fast hydride transfer from the 

benzylic carbon.27, 37-38, 43-45, 54 Scheme 1 is completely analogous to the M-M treatment of 

enzymatic catalysis data. As a result, KM and νmax values can be extracted from double reciprocal 

(Lineweaver-Burk) plots, see supporting information. The extracted values are summarized in 

Table 1.  

Table 1. 𝐾! and νmax values extracted from L-B plots 
Catalyst Substrate KM (mM) νmax (mM min-1) Kasmb (M-1) 

Au/TiO2 
CH3O-BA 1.3 (±0.1) 0.67 (±0.04) 770 (±60) 

CH3O-𝛼, 𝛼-D2 BA 1.2 (±0.2) 0.31 (±0.02) 830 (±140) 
F3C-BA 3.4 (±0.2) 0.16 (±0.01) 290 (±20) 

Au/Al2O3 CH3O-BA 3.3 (±0.5) 1.3 (±0.09) 300 (±50) 
F3C-BA 10 (±2) 0.21 (±0.03) 100 (±20) 

 

We first address the kinetic isotope effect (KIE) data for CH3O-BA in the context of the 

M-M parameters. Deuteration of the 𝛼 hydrogens had no effect on the KM values, indicating the 

C + S CS’ C + P 
𝑘" 

𝑘#" 

𝑘$ 
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“assembly equilibria” leading up to the rate determining step are unaffected by this substitution. 

Substrate deuteration is unlikely to change the number of active sites on the catalyst, so the ratio 

of νmax values should be a measure of the k2 rate constants and therefore a measure of the KIE. The 

measured value of 2.2 ± 0.2 indicates a primary kinetic isotope effect. This value is consistent with 

previously reported values for heterogeneously catalyzed reactions, which are generally on the 

order of 1.5 to 2.36, 41  Conte et al. found a larger KIE of 5 in studying 2-propanol oxidation over 

Au/CeO242; this value is consistent with some homogeneously catalyzed alcohol oxidations as 

discussed below.  

The M-M analysis provides experimental insight into substitution effects on the binding 

and deprotonation pre-equilibria; previous studies have not examined these effects. The KIE 

indicates a factor of two difference in kH vs kD; however, there is no change in KM. Since 𝐾! =

%!"&%#
%"

 , this indicates k-1 >> k2; hence, 𝐾!	 ≅
%!"
%"
= "

($%&'
, where Kasmb is the overall assembly 

equilibrium. Thus, the isotopic substitution experiment also shows that KM values can be used to 

directly evaluate changes to the binding and deprotonation equilibria (Kasmb, see below). 

 

 

 
 
 
 
 
 
 
 

Figure 2. Saturation plots for CH3O-BA and F3C-BA oxidation over Au/Al2O3 in single substrate 
experiments. The symbols are the measured rates and lines are M-M plots constructed using the 
extracted KM and νmax values reported in Table 1.  
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Figure 2 shows the saturation plots for CH3O-BA and F3C-BA oxidation over Au/Al2O3; 

the extracted KM and νmax values can be found in Table 1. In spite of the large differences in the 

substituent electron donating/withdrawing ability, the Kasmb values for CH3O-BA are only about 

2-3 times larger than for F3C-BA. Similarly, the values for the same substrate differ by only about 

a factor of three on Au/TiO2 vs. Au/Al2O3. Thus, the overall assembly equilibrium is relatively 

similar regardless of the substituents or the support. This is likely due to a compensation effect 

between adsorption strength, which is favored by electron rich alcohols, and acidity, which is 

favored by electron poor alcohols. It is also worth noting the small changes in Kasmb correlate with 

the electron richness of the alcohol, suggesting alcohol adsorption dominates the assembly 

equilibrium. The adsorption constants determined from KM values only reflect adsorption at the 

MSI that leads to reaction, so these values may be influenced by any bonding interactions between 

the substrate and the catalyst.  In this case particular case, that includes any bonding interactions 

between the pi system and the nanoparticle surface.  Arene adsorption is relatively weak on Au 

surfaces,55{Yildirim, 2013 #105, 56 but adsorption strength increases as surface atoms become under-

coordinated on smaller particles.57-58  While we believe the adsorption interaction is dominated by 

hydrogen bonding interactions between the alcohol and the support, we cannot directly ascertain 

the degree to which arene association to the nanoparticle might affect this adsorption constant.    
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Figure 3. Saturation plots for (A) OCH3-BA and (B) F3C-BA during single substrate and 
competition experiments over Au/TiO2. Solid lines show fits from extracted M-M parameters; for 
F3C-BA in the competition experiment, the solid line is included to guide the eye.  
 

 

Kinetic analysis of competition experiments.  For experimental expediency, Hammett 

relationships are often measured using competition experiments, in which two (or more) substrates 

are present in the reaction mixture.26, 36, 49-50 The competitive adsorption of alcohols can impact 

several aspects of heterogeneous catalysis, as Friend’s group has shown that competitive 

adsorption of alcohols on Au controls the product distribution in coupling reactions.59-62  Mao et 

al. also used competition experiments to examine non-fluorescent reactions over individual 

nanoparticles.22  It is therefore important to understand the ways in which completion experiments 

differ from single substrate experiments, since competition experiments can alter surface reaction 

pathways.  Since there are several literature reports using competition experiments to determine 
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Hammett parameters in the literature,26, 36, 49-50 we wanted to evaluate the potential utility of this 

technique for this particular reaction.   

With this goal in mind, we performed experiments using equimolar concentrations of F3C-

BA and CH3O-BA over Au/TiO2 to evaluate potential differences between single substrate and 

competition experiments. Figure 3A shows the saturation plots for CH3O-BA collected in single 

substrate and competition experiments are essentially indistinguishable. Extracted KM and νmax 

values (Table 2) are the same within experimental errors.  

 

Table 2. Extracted Michaelis-Menten parameters for CH3O-BA in single substrate and 
competition (with F3C-BA) experiments.  

 KM 
(mM) 

νmax 
(mM min-1) 

single 
substrate 1.3 (±0.1) 0.67 (±0.04) 

competition 0.9 (±0.6) 0.62 (±0.02) 
 

 

Figure 3B shows F3C-BA oxidation is considerably slower in the competition experiments. 

The measured rates were essentially independent of substrate concentration, making extraction of 

M-M parameters impossible. These data suggest the mechanism of F3C-BA oxidation is 

fundamentally different in the competition experiments. The measured rates are comparable to 

background substrate oxidation in the absence of an Au catalyst, (see supporting information) 

indicating the observed reactivity is likely due to uncatalyzed oxidation of F3C-BA by O2 in 

solution.  
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Figure 4. Oxidation of F3C-BA over Au/TiO2 in the presence of CH3O-BA. (A) F3C-BA saturation 
plots in the presence of 0, 0.8, and 2.6 mM CH3O-BA. (B) F3C-BA oxidation rate normalized to 
the estimated surface coverage of CF3-BA.  
  

These data suggest that CH3O-BA inhibits F3C-BA oxidation, so we examined F3C-BA 

oxidation in the presence of lower concentrations of CH3O-BA. Saturation plots are shown in 

Figure 4; extracted KM and νmax values are presented in Table 3. The consistency in the νmax values 

indicates that the inhibition does not affect the rate determining step or the number of active sites 

on the catalyst. Rather, the changes in KM and Kasmb indicate that the competition perturbs the pre-

equilibrium processes.  

Table 3. Extracted Michaelis-Menten data for F3C-BA oxidation over Au/TiO2 in the presence 
of CH3O-BA 
[CH3O-BA] 
(mM) KM (mM) νmax 

(mM min-1) Kasmb (M-1) 

0 3.0 (± 0.8) 0.16 (±0.01) 330 (± 80) 
0.8 46 (± 11) 0.22 (±0.05) 22 (± 5) 
2.6 67 (± 16) 0.10 (±0.01) 15 (± 4) 
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The changes in KM can be understood with a closer examination of the assembly equilibria. 

Alcohol substitution induces two competing effects on the two components of the assembly 

equilibrium. Electron rich alcohols will have higher affinities for metal ions and protons on the 

support surface. At the same time, more electron rich alcohols are less acidic, which reduces the 

coverage of the surface alkoxide necessary for hydride transfer to Au. The substituent effects in 

the single substituent experiments in Table 1 show the Kasmb values correlate with the electron 

richness of the alcohol and that the assembly equilibria are therefore dominated by alcohol binding 

to the support. The preferential binding of the more electron rich alcohol impacts the competition 

experiments because surface alcohol coverages in the competition experiments are not necessarily 

equivalent to the relative solution concentrations. This results in considerably lower and ultimately 

unfavorable assembly equilibrium constants for F3C-BA in the presence of CH3O-BA.  
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Scheme 2. Relationships between Michaelis-Menten constants and alcohol binding / 
deprotonation equilibria 
 
 
 

To quantitatively evaluate this effect, we decomposed the assembly equilibrium into 

adsorption and deprotonation equilibria as shown in Scheme 2. Using the determined Kasmb values 

and gas-phase acidity constants, effective adsorption constants (Kads) for alcohol adsorption from 

toluene to the active site were determined. As Table 4 shows, both adsorption constants are 

sufficiently large such that, in single substrate experiments, the surface coverage is essentially 

unity. However, the CH3O-BA adsorption constant is about 35 times greater than the CF3-BA 
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adsorption constant, making competition for active sites important in the mixed substrate 

experiments.    

 
 

Table 4. Thermodynamic parameters for alcohol adsorption and deprotonation  
 CH3O-BA CF3-BA 

Kasmb 770 (±60) 330 (± 80) 
pKaa 16.59 15.52 
Kads 3.0 x 1019  1.1 x 1018 
θb 0.97 0.03 

apKa values estimated from σ constants as described in reference63  
bsurface coverage in equimolar competition experiments 
     

Using a competitive Langmuir adsorption model, the surface coverages of the two alcohols 

on the support are 0.97 and 0.027, respectively. The rate data from the equimolar competition 

experiments are consistent with this as they show essentially no F3C-BA activity and CH3O-BA 

activity only slightly slower than in single substrate experiments. We also reevaluated the rate data 

in Figure 4A by normalizing each data point with the expected coverage based on the competitive 

Langmuir adsorption model. As Figure 4B shows, all three experiments show comparable 

coverage-normalized rates.     

This analysis allows us to evaluate the relative merits of competition and single substrate 

experiments. Since νmax values are not affected by the substrate competition, it is possible to extract 

Hammett relationships from competition experiments over heterogeneous catalysts. However, 

doing so may introduce errors into both the measurements and their interpretation. Care must be 

taken to ensure any differences in surface substrate coverage are accounted for; this may require 

determining the relative surface coverages during the competition experiments. In many cases, 

higher data quality will be obtained more readily from single substrate experiments.  
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Table 5. Literature Hammett parameter and KIE values for homogeneous benzyl alcohol oxidation 

Catalyst r KIE Reference 

Pd(IiPr)(OAc)2(H2O) -0.48 5.5a 27  

Ru(II)/TEMPO -0.58 5.1 28  

Ru(II) (Shvo’s catalyst)b -0.89 3.7a 29  
Manganese (III) salen -1.2 2 30  

Pd (II)/(-)-sparteine -1.41 1.31a 40 
asec-phenethyl alcohol substrate was used for KIE studies. b1-
Hydroxytetraphenylcyclopentadienyl-(tetraphenyl-2,4-cyclopentadien-1-one)-μ-
hydrotetracarbonyldiruthenium(II) 

 

Hammett Slope. We next sought to place the νmax data into the context of the available 

homogeneous and heterogeneous catalysis literature. Using the ratio of the νmax values to estimate 

the Hammett slope yields a qualitative r value of 0.45 for Au/TiO2; this value is consistent with 

previous reports by Kumar et. al. (0.44)37 on the same catalyst and by Corma’s group (~0.163) for 

Au/CeO241.  

However, as Table 5 shows, r values range widely for homogeneous catalysts and correlate 

strongly with KIE values. The homogeneous catalysis data in Figure 5 cover five catalyst systems 

utilizing three different metals (Pd, Ru, and Mn). As such, they suggest that this correlation is 

diagnostic of the reaction, at least for homogeneously catalyzed systems. While internally 

consistent with the report from Corma’s group, the Hammett slopes obtained using the νmax values, 

along with Corma’s values, do not fit this trend. This raises the question:  is this due an intrinsic 

difference in the reaction over supported Au catalysts, or are there additional factors should be 

considered when determining Hammett slopes over heterogeneous catalysts?  
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Figure 5. Correlation between Hammett slope and KIE. The black symbols are for homogeneous 
benzyl alcohol oxidation literature summarized in Table 5. The blue square is for the 
heterogeneous benzyl alcohol oxidation reported by Abad et al.41 and the red square is for the νmax 
value measured in this work. The blue and red circles are the same data after normalizing the data 
to the expected differences in surface alkoxide coverage based on substrate pKa values.  
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The current study allows us to carefully consider the assumptions associated with applying 

Hammett studies to heterogeneous catalysts. In particular, using the νmax values in a Hammett 

analysis involves an inherent assumption that the number of active sites does not change when the 

substrate changes. This is a reasonable assumption from the standpoint of the structural 

requirements of the catalytic active site at the MSI – there is no reason to think that these structural 

requirements of the catalytic active site would change from one substrate to the next provided there 

are no significant steric differences in the substrates.37     

This assumption is imperfect for evaluating the rate constant for hydride transfer to Au 

(k2), which is the ultimate goal of this Hammett study, because νmax is formally defined as 

k2*[Auactive]. Since the reaction mechanism invokes hydride transfer from a surface alkoxide to the 

Au nanoparticle, the amount of active Au depends on surface alkoxide concentration, and therefore 

on the substrate pKa. Consequently, accurate extraction of k2 values requires accounting for 

differences in alkoxide surface coverage that arise from the pKa values for individual substrates. 

In the specific example here, both alcohols (F3C-BA and CH3O-BA) have adsorption equilibrium 

constants sufficiently large that the alcohol surface coverage will always be close to unity in typical 

single substrate experiments. However, the greater acidity of F3C-BA will lead to a greater number 

of active F3C-substituted alkoxides (relative to CH3O-BA alkoxides), regardless of the support 

used. The νmax value for F3C-BA will therefore overestimate k2 relative to CH3O-BA, resulting in 

an underestimation of the true Hammett slope.   

  Determining the true surface coverage of alkoxide at the MSI will be challenging. 

However, since Hammett relationships fundamentally examine changes in rate constants, 

determining the true alkoxide surface coverage is not necessary if the relative changes can be 

estimated. We used a simple numerical model to examine the relative influence of pKa, pKb (of a 
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H+ accepting support), Kw, and concentration on the ratio of the conjugate base concentration of 

two acids (supporting information). While the absolute alkoxide concentrations change 

considerably with conditions, and this simplified model does not account for surface charging, it 

highlights two key results.  First, the pKb of the base has no effect on the alkoxide ratio.  Provided 

surface charging effects are not substantially different, which is reasonable given that both the 

proton and conjugate base reside on the support surface, the relative ratios of alkoxides will be the 

same on a given support.  Second, it therefore follows that the ratio of conjugate bases (the 

alkoxides)     depends only on the difference between the two pKa values of the two acids.  While 

these effects are significant, they are readily quantifiable.  Using Cohen’s method to estimate the 

pKa values for the two alcohols63, using the gas-phase acidity constants, the ratio of [F3C-

BA]/[CH3O-BA] is calculated to be ~10. Since the identity of the base does not affect this value, 

it reflects a reasonable estimate of the differences in surface alkoxide coverage on any given 

support.    

 
Table 6. 𝐾! and νmax values extracted from M-M plots 

Catalyst Substrate νmax  
(mM min-1) 

k2rel  
(mM min-1) −

∆log(𝜈)*+)
Δ𝜎&  −𝜌 

Au/TiO2 
CH3O-BA 0.67 (±0.04) 8.6 (±0.5) 0.45 (±0.03) 1.25 (±0.03) F3C-BA 0.16 (±0.01) 0.16 (±0.01) 

Au/Al2O3 
CH3O-BA 1.3 (±0.1) 17 (± 1) 0.57 (±0.05) 1.37 ± (0.05) F3C-BA 0.21 (±0.03) 0.21 (±0.03) 

 

Table 6 shows the determined Hammett slope (r) using both the νmax values and the relative 

k2 values (k2rel), which normalize the CH3O-BA νmax value to the pKa difference. As Figure 5 

shows, the extracted r values using k2rel for our catalyst and applying the same correction to 

Corma’s study are largely in line with correlation to KIE observed in homogeneous studies. We 

also note the correction increases the magnitude of the Hammett parameter, but not the measured 
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difference between the supports. Thus, the interpretation of the differences between r values 

associated with various supports does not change:  relative to Au/TiO2, Au/Al2O3 is better able to 

stabilize the developing hydride, resulting in a more negative r value and a faster reaction rate.  

  Finally, the correlation between r and the KIE provides insight into the reaction that may 

help improve future catalyst design. Drawing on the Hammond Postulate,64 the two techniques are 

closely correlated because both assess the position of the transition state for a particular catalyst 

system, but by examining different chemical properties of that transition state.  The KIE reports 

on the degree of C-H bond breaking in (or the “flatness” of) the transition state, while r reports on 

the degree of charge buildup on the benzylic carbon in the transition state.  In this case, early 

transition states are characterized by relatively small KIE values because the vibrational energy 

associated with the C-H bond largely resembles the reactant alcohol.  The early stage of the hydride 

transfer results in development of a partial positive charge on the benzylic carbon, which is 

sensitive to the electron donating or withdrawing ability of the aryl substituent.   

In contrast, late transition states are associated with nearly complete hydride transfer to the 

metal and concomitant C-H bond scission.  Since the C-H(D) bond is largely broken, the transition 

state has very little C-H(D) bond character, and therefore minimal differences in the isotopic zero-

point energies, resulting  in a large KIE.  Late transition states have significant carbonyl bond 

formation, which reduces the net charge on the benzylic carbon.  The smaller Hammett slope 

indicates the relative insensitivity to the aryl substituents. This suggests supports capable of both 

improving the ability of Au to stabilize the hydride transfer and increasing either the concentration 

of the active alkoxide at the MSI or increasing alkoxide reactivity may prove to be superior alcohol 

oxidation catalysts.      
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Conclusion 

This work uses Michaelis-Menten kinetics to evaluate electronic changes to alcohol adsorption, 

deprotonation, and activation at the metal-support interface of two supported Au catalysts. 

Adapting the classic M-M analysis to heterogeneous catalysts provides a useful overall measure 

of the rate constant for the rate determining step, along with additional insight into potential 

changes to substrate-support affinity. At the level of analysis performed in this work for a single 

substrate, the M-M and L-H analyses provided identical results. The multi-sites models and 

explicit consideration of the surface coverages of different species  associated with a L-H 

analysis offers advantages for heterogeneous catalysts, but the simplicity of the M-M approach 

and its wide acceptance in many different catalysis communities makes it powerful.  The M-M 

approach revealed a number of nuances associated with applying this analysis to heterogeneous 

systems. Competitive adsorption on the support and at the active site must be considered in order 

to ensure that extracted rate constants are not biased against the more weakly adsorbing substrate 

in multi-substrate experiments. The M-M approach also afforded the opportunity to more 

carefully consider the assumptions behind Hammett studies of heterogeneous catalysts, most 

notably that the number of active sites is constant for all substrates. While this is a reasonable 

assumption from the standpoint of the catalyst, changes to any pre-equilibria before the rate 

determining step must also be considered. In the particular case of benzyl alcohol oxidation, 

where alcohol deprotonation is required prior to rate determining hydride transfer, electronic 

changes to the substrate impact the surface coverage of the active intermediate. Since the 

measured rate depends both on the coverage of that intermediate and the rate constant for the 

slow step, changes to the surface coverage of the key intermediate should be considered in order 

to make more accurate measurements of the key rate constant.   



 23 

Supporting Information 

 Complete experimental section, TEM and STEM characterization data, reaction 

optimization, uncertainty estimation, yield versus time graphs for the rates presented in the 

saturation plots, mass transfer test, Lineweaver-Burk plots, and numerical analysis of the effects 

of substrate acidity on alkoxide concentration are presented in the supporting information.  
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