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Abstract.  Rate-driving force relationships, known as Brønsted-Evans Polanyi (BEP) relations, are central to many methods for predicting the 
performance of heterogeneous catalysts and electrocatalysts. Methods such as Tafel plots and ‘volcano’ analyses often assume the effect of 
adsorbate coverage on reaction rate across different materials is constant and known. Here we use UV-visible spectroscopy to test these 
assumptions, by measuring rates of net hydrogen atom transfer from colloidal cerium oxide nanoparticles (nanoceria) to organic reagents at 
varying surface CeO–H bond strengths and surface coverages. The resulting rate constants follow a linear BEP relationship, 
∆log(k) = a∆log(Keq), across two sizes of nanoceria, two organic reagents, and a ~10 kcal mol-1 range of CeO–H bond strengths. Interestingly, 
the Brønsted slope is only 0.2, demonstrating that the rate constants are far less insensitive to CeO–H bond strength, than would commonly be 
assumed for a heterogeneous nanomaterial. Furthermore, we observe a Brønsted slope >1 when altering the reaction driving force via the 
organic reagent bond strength instead of that of CeO–H. The implications of these Brønsted slopes for either concerted or stepwise mechanisms 
are discussed. To our knowledge, these are the first solution-phase measurements of BEP relationships for hydrogen coverage on a 
(nano)material. 

Introduction 
Use of a thermochemical property as a descriptor for the relative kinetic properties of a set of reactions is common throughout chemistry. In 

‘volcano plots’ or similar analyses, the same reaction is compared on different surfaces by plotting the computed ΔG° of a single reaction step 
against an experimental metric of kinetic prowess, such as exchange current density or reaction rate.1-4 These analyses have proven powerful 
in the search for new heterogeneous (electro)catalysts for fuel-forming processes,5-7 where the relevant ΔG° is often the free energy of hydrogen 
adsorption (ΔG°H) at an interface.4 While this approach has been questioned,2,8,9 and significant work has been done to circumvent the theoretical 
limits of catalyst rate and efficiency that it implies,10-12 its general tenants have been broadly influential.  

One key theoretical basis for such analyses is the longstanding empirical Brønsted-Evans Polanyi (BEP) linear relationships between the free 
energy of activation and free energy of the reaction, or equivalently, between the logarithms of the rate and equilibrium constants (eqs 1a and 
b; ∆ln(k) µ ∆∆G‡ and ∆ln(Keq) µ ∆∆G°).5,13-17 These two equations have the same proportionality constant, the Brønsted α, which is typically 
between 0 and 1.18-22 The values of α can in some cases be related to the position of the transition state along the reaction coordinate, with 1 
being closest to products.18-22 

 ΔG
‡ = αΔG° + c (1a) 

 log(k) = αlog(Keq) + d (1b) 

The BEP relation was developed for a single elementary reaction step in homogeneous media (gas or solution), with the ΔG‡ and ΔG° 
referring specifically to that one step.23,24 However, similar relationships, also denoted as BEP relations, are often applied to surfaces, and other 
systems where the mechanism is not completely known. The application of BEP models to multistep catalytic reactions on different materials 
surfaces is common but often requires that the energies of different intermediates and transition states linearly correlate with each other and 
with the descriptor, and that the Brønsted a's do not vary substantially from one reaction to another.4,6,25 It is this use of linear correlations, well 
supported by computational studies,5,26,27 that gave rise to the term ‘scaling relationships’ to describe this approach. A number of more detailed 
models are also being developed, such as those with microkinetic modeling and methodologies such as the Degree of Rate Control.8,28-32  

Another key assumption in the common use of BEP relations for surface reactions is that the dependence of the thermodynamic and kinetic 
parameters on surface coverage is known and constant across different materials. Analyses of solution and gas phase reactions can assume a 

priori that all the molecules are the same over a wide range of concentration or partial pressure (though there are non-idealities at high 
concentrations or pressures). On a surface, however, there are often interactions among adsorbates that shift the adsorbate properties as a 
function of coverage.33-36 The effect of adsorbate interactions on BEP analyses has received considerably less consideration, and coverage 
effects are not generally considered in big picture ‘volcano plot’ analyses. However, they can be quite significant. For underpotential deposited 
hydrogen (Hupd) on Pt(111) single crystal surfaces, a model electrochemical adsorption process, the adsorption energy varies with Pt–H coverage 
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over a range of 0.5 eV or 12 kcal mol-1.37 While Hupd is not the active species in the hydrogen evolution reaction (HER), its range of adsorbate 
energies is nearly half the width of the ‘volcano plot’ for the HER,38 or roughly six-times greater than the 2 kcal mol-1 range expected for a 
Langmuirian, surface adsorption process.39 While calculated and experimental measures of the coverage dependance of hydrogen adsorption 
are possible for well-defined surfaces such as Pt(111),40 similar reports for ill-defined catalytic surfaces – especially those of binary materials 
– generally do not exist.41-43 The heterogeneity of these surfaces has limited the number of experimental studies which have probed the effect 
of coverage on the kinetics of hydrogen transfer from (nano)materials.37,44  

Here we take advantage of our previous measurements of CeO–H bond dissociation free energies (BDFEs) for oleate-capped cerium oxide 
nanoparticle colloids (OLE-Ce) in tetrahydrofuran (THF) solutions.45 That study analyzed equilibria between OLE-Ce and organic molecules 
that involved the exchange of H-atoms between the two, where addition of each H to OLE-Ce formed one surface OH group with reduction of 
one Ce4+ to Ce3+. This reaction can be viewed as a net hydrogen atom transfer (HAT), or a proton-coupled electron transfer (PCET) in which 
protonation of an oxide is coupled to reduction of a Ce4+. This stoichiometry implies that changes in the number of Ce3+ ions correspond to the 
changes in the surface coverage of “active” H. This study deals only with the active surface H that can be transferred as a hydrogen atom to a 
molecular abstractor. There are likely other, spectator OH groups on the surface that are not reactive in this way, because they lack a coupled 
Ce3+ ion nearby; these are not considered in the surface coverage discussed here. The dramatic difference between these two classes of surface 
H was recently demonstrated in a computational study of TiO2 slabs with surface H.46 In our previous study, the BDFEs of the active CeO–H 
bonds were shown to vary substantially with the average redox state (%Ce3+) of OLE-Ce. The wide range of BDFEs, over 13 kcal mol-1, had 
not previously been shown for cerium oxide. We expect that the phenomenon will prove common to many binary materials.45,47  

The current study reports unique measurements of the rates of net hydrogen atom, or equivalently proton-coupled electron transfer (e–/H+, 
PCET), from O–H groups at the surface of nanoceria. The variation of these rates as a function of hydrogen coverage and hydrogen adsorption 
free energy are described. To simplify the system as much as possible, the studies reported below probe the net transfer of a hydrogen atom 
from OLE-Ce to 2,2-diphenyl-1-picrylhydrazyl radicals (DPPH) via UV-Vis spectroscopy (Scheme 1). DPPH and its more sterically 
encumbered analog 2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl (DPPHL [L for large]) were chosen because of their solution-phase stability 
and large optical extinction coefficients. 

 

Scheme 1. Net Hydrogen Atom Transfer from OLE-Ce to Substituted Picrylhydrazyls 

 

The data presented below demonstrate that the log of the rate constant for net hydrogen atom transfer from nanoceria to DPPH and DPPHL 
varies linearly with the CeO–H BDFE, or hydrogen adsorption free energy, but only weakly. The slope of this relationship, the Brønsted a, is 
only 0.2 over a 10 kcal mol-1 range of driving forces. Additionally, a separate relationship between the rate constant and the BDFE of the 
reduced organic reagent is measured to be >1. The discrepancies between these two slopes may originate from a multi-step reaction mechanism, 
or an imbalanced transfer of e– and H+ in a single-step reaction, as has been discussed in molecular systems.48-51 The mechanistic evidence for 
these competing hypotheses is presented along with their broader implications for the use of BEP relationships in catalytic models. This study 
is potentially important for understanding why cerium oxide is so effective as a catalyst support.42,52 Furthermore, these are, to the best of our 
knowledge, the first solution-phase experimental measures of coverage-dependent BEP relationships for hydrogen transfer from a material, 
nanoscale or otherwise. 

Experimental 
Oleate-capped cerium oxide nanoparticles (OLE-Ce) were prepared following a previously reported procedure.45 Briefly, nanoparticles were 

precipitated through base hydrolysis of a cerium oleate complex formed from ceric ammonium nitrate and sodium oleate. After multiple 
washing and drying steps, nanoparticles were stored in an N2-filled glovebox as a colloid in tetrahydrofuran (THF) at −30 °C. 

Reaction kinetics were followed by monitoring the decay of an organic oxidant (usually DPPH) by UV-visible (UV-vis) absorption 
spectroscopy. Kinetics were always performed with a significant excess of hydrogen equivalents (on OLE-Ce) as compared to the organic 
oxidant. Reactions were initiated by adding OLE-Ce to THF solutions of the organic oxidant in an N2-filled glovebox. Full experimental details 
are provided in the Supplementary Information. 

Results 

I. Kinetics of nanoceria oxidation. 
This study used oleate-capped cerium oxide nanoparticles (OLE-Ce) reduced to varying extents to determine how the hydrogen adsorption 

free energy of OLE-Ce affects the rate of hydrogen atom transfer to a well-defined organic oxidant, Scheme 1. Studies were performed in 
tetrahydrofuran (THF) with two batches of OLE-Ce. By transmission electron microscopy (TEM), one batch contained nanoparticles with an 
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average diameter of 1.8 ± 0.2 nm (Ce-1) and the other had larger nanoparticles (Ce-L, d = 4.0 ± 0.4). Further details on the characterization of 
these nanoceria colloids are provided in our previous work.45 OLE-Ce colloids were first reduced by adding varying amounts of 1,8-dichloro-
9,10-dihydroxyanthracene, a strong PCET reductant (H2DCAQ, BDFEavg = 55.4 kcal mol-1 in THF).45,53 Quantitative donation of two hydrogen 
atoms from H2DCAQ to OLE-Ce, confirmed by 1H NMR quantification of the 1,8-dichloro-9,10-anthraquinone (DCAQ) product, enables 
precise control over the average redox state, or %Ce3+, of OLE-Ce. The partially reduced OLE-Ce were then reacted with a small amount of 
DPPH, and the decay of the purple DPPH over seconds to minutes was evident to the eye as the reactions changed to orange.  

The rates of DPPH decay in the presence of reduced stock solutions of either Ce-1 or Ce-L were monitored by UV-Vis at the DPPH 
absorbance maximum, 519 nm (Figure S1). At this wavelength, and under the conditions used in this study, the primary contribution to the 
absorbance spectrum is DPPH before the reaction, and DPPH-H after completion (Figure 1A). Formation of the 1e–/1H+ reduced product—
1,1-diphenyl-2-picrylhydrazine (DPPH-H)—in these reactions was confirmed previously by 1H NMR.45 Concentrations were chosen so that 
there were minimal changes in the %Ce3+—and therefore the CeO–H bond strength and surface H coverage—over the course of the reaction. 
This required a significant excess of hydrogen equivalents (H’s bound to OLE-Ce) as compared to DPPH. In many cases, the rate data were 
analyzed both by exponential fits and by the method of initial rates, which further insured that the changes in %Ce3+ were small over the region 
analyzed. With this experimental design, the measured kinetics can be connected to a well-defined reaction driving force: the difference in the 
BDFEs of the ceria and the DPPH. 

 

Figure 1. Full spectrum and single-wavelength kinetics of the reaction between reduced Ce-1 and DPPH. Denoted concentrations are for sample after 
mixing, but before reaction initiation. (A) Full spectrum kinetics collected by stopped-flow UV-vis measurements. Solution contained [DPPH] = 67 

µM and [Ce atoms] = 4.4 mM at %Ce3+ = 69%. The reaction took ~30 seconds to complete.  (B) Initial rates kinetic dependence of DPPH decay on the 
concentration of Ce atoms at five different %Ce3+ levels in Ce-1 nanoparticles (legend in part D). [DPPH] = 68 µM for all samples.  (C) Initial rates 

kinetic dependence of DPPH decay on [DPPH] at varying %Ce3+ for Ce-1. [Ce atoms] = 1.7 mM for all samples. For (B) and (C) dashed lines are 
linear fits with the y-intercept set as zero and data is colored coded per the legend in (D).  (D) Full single wavelength kinetic traces of DPPH decay at 
varying %Ce3+ for Ce-1 where [Ce atoms] = 3.1 mM and [DPPH] = 68 µM for all samples. Dashed lines are single exponential fits. 

Analysis of the kinetic data by the method of initial rates involved taking linear fits of single wavelength kinetics over the segment from 5-
15% of total reaction progress. Analyses of the 0-10% section gave similar results, but with larger error bars for several concentrations (Figure 
S3). The greatest change in %Ce3+ for Ce-1 in a run analyzed by the method of initial rates was 2.3%, which would correspond to a change in 
the reaction free energy of 0.4 kcal mol-1 for Ce-1 nanoparticles (see below). Dependences on the concentrations of Ce atoms and DPPH are 
both first order across a range of %Ce3+

 values for Ce-1 (Figure 1B and 1C) and for Ce-L (Figure S4). The reactions therefore follow a simple 
bimolecular rate law under these conditions (eq 2). Each rate constant (k) was determined from the slope of the DPPH concentration dependence 
and also from the slope of the dependence on total concentration of Ce atoms in solution ([Ce atoms]). Samples with the highest ratio of reduced 
Ce atom (or hydrogen atom) equivalents to DPPH were also fit to exponentials as an alternative method for determining k (Figure 1D). The 
change in Ce-1 %Ce3+ is 2.2% for the reaction to go to completion in these samples. For the kinetic studies of Ce-1 colloids these three ways 
of determining the reaction rate constant agree well, with a standard deviation of roughly ±25%, thereby demonstrating that each method of 
analysis is consistent with the second order rate law (eq 2). 

 rate = k[DPPH][Ce atoms] (2) 
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II. Kinetic-thermodynamic correlations. 
The driving force (ΔG°) for these reactions is the difference between the BDFE of the OLE-Ce colloid (BDFECe) and that of DPPH-H. In 

order to determine BDFECe, the relevant regions of previously reported relationships between %Ce3+ and BDFE for Ce-1 and Ce-L were fit 
using linear regressions. These lines of best fit show R2 values close to 1 and provide a simple method for determining the BDFECe for any 
level of OLE-Ce reduction (Figure S5). Subtraction of the BDFE of DPPH-H (73.5 kcal mol-1 in THF)53 from the relevant BDFECe gives ΔG° 
for the reaction. In a typical example, a Ce-1 sample with %Ce3+ = 54% was determined to have BDFECe = 60.7 kcal mol-1 so the ∆G° for the 
reaction was –12.8 ± 0.6 kcal mol-1. Overall, the experiments reported here covered a range of driving forces from –6.8 to –16.6 kcal mol-1, or 
ln(Keq) values from 11.5 to 28.0 (a range of 107 in Keq).  

The rate constants were then correlated with the equilibrium constants. Plotting ln(k) versus ln(Keq), both experimentally determined, shows 
a linear correlation for reactions between DPPH and Ce-1 (Figure 2A). A quite similar line was determined for the analogous reactions of Ce-

L. This linear relationship is what is predicted by the BEP principle (eq 1b above). 

  

Figure 2.  Dependence of reaction rate constant (ln(k)) on driving force (ln(Keq)), for reactions of Ce-1 and Ce-L nanoparticles. (A) Reactions with 

DPPH, where values of k are the averages of values derived from the DPPH and Ce atom initial rates dependences using eq 2, as well as from single 

exponential fits of full trace kinetics. Error bars denote the standard deviation from these three methods of measuring k.  

(B) Relationships are shown for reactions with both DPPH and DPPHL. Here, values of k are derived only from exponential fits of data collected where 
[DPPH] = 68 µM, [DPPHL] = 79 µM, [Ce atoms] = 3.1 mM for Ce-1, and [Ce atoms] = 8.5 mM for Ce-L. Uncertainties are smaller than the diamond-
shaped data points. For both figures, values of ln(Keq) are determined from ΔG° = BDFECe – BDFEDPPH(L)-H. In (A), the slope of the Ce-1 linear fit is 
0.21 ± 0.02 and that for Ce-L is 0.19 ± 0.06; the slopes of the linear fits in (B) are given in Table 1. 

Similar studies were also performed with 2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl (DPPHL [L for large]) in order to probe the kinetic 
effect of altering reaction driving force via the BDFE of the newly formed N-H bond of the organic PCET oxidant. Using a recently published 
open-circuit potential method,53 the BDFE of 1,1-di(4-tert-octylphenyl)-2-picrylhydrazine (DPPHL-H) was determined to be 73.0 kcal mol-1 
in THF; or 0.5 ± 0.2 kcal mol-1 less oxidizing than DPPH (Figure S6). Kinetic studies of the reaction between reduced OLE-Ce and DPPHL 
were followed at absorbance maximum of the radical, 541 nm (Figure S1). As with DPPH, first order dependences on the concentrations of Ce 
atoms and DPPHL were observed (Figure S7). Therefore, the same bimolecular rate law applies, and comparable k’s could be obtained. The 
results of the DPPHL reactions form BEP relationships very similar to those for DPPH, just shifted down and to the left (Figure 2B). They are 
shifted left, to lower driving forces, because the DPPHL–H bond is 0.5 kcal mol-1 weaker than the DPPH–H bond.  

Plots of BEP relationships for all four combinations of Ce-1 or Ce-L with DPPH or DPPHL, ln(k) vs. ln(Keq), are in Figure 2B and the data 
are in Table 1. These four Brønsted a values are essentially the same within the uncertainties, all 0.20 ± 0.03. This value is lower than the 
typical a of ½ for single-step reactions that are not too exergonic or endergonic. Since these reactions are only modestly exergonic, ∆G° 
between –6.8 and –16.6 kcal mol-1, the a = 0.2 means that the rate constants of these reactions are far less sensitive to the overall reaction 
driving force than would normally be expected. Specifically, the variation in Keq over a range of 107 only causes changes in k by a factor of 25. 

The data shown in Figure 2B and slopes, or α’s, given in Table 1 are from exponential fits. These fits, as shown in Figure 1C, are not perfect 
even with large excesses of Ce atoms. To test the validity of the exponential fit analysis, we used a version of Variable Time Normalization 
Analysis (VTNA).54 This involves stretching the time axis to overlay the exponential decays at differing values of %Ce3+ (Figure S8). This 
treatment gives a close overlay of all plots. Furthermore, the “stretch-factors” used to generate the overlaid plots should be a direct measure of 
the relative rates. Plotting the logarithm of the “stretch-factor” versus the logarithm of the Keq gives a line with a slope of 0.20 ± 0.01, as 
expected. These analyses confirm that any deviations from the exponential fits do not lead to systematic errors in the reported rate constants 
which would significantly affect the slopes of the reported BEP relationships. 
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Table 1. BEP Relationships Slopes a 

reactants Slope Range of ∆G° Range of ∆G‡ 

Ce-1 / DPPH 0.19 7.2 1.4 

Ce-1 / DPPHL 0.22 7.2 1.5 

Ce-L / DPPH 0.19 9.8 2.1 

Ce-L / DPPHL 0.17 7.9 1.3 

a All slopes [Brønsted alphas (α)] are from ln(k) vs ln(Keq) plots where values of k are determined from 
exponential fits. The uncertainty for all values of α is ± 0.02. Values of ∆G° and ∆G‡ are in kcal mol-1. 

 

III. Control Experiments and Effects of Additives 
In order to gain a clearer picture of the reaction mechanism we tested the effects of various additives on the kinetics. As the reaction formally 

has a proton transfer component, the effects of acids and bases, as well as ligands were tested. Addition of >3 mM of oleic acid, triphenyl 
phosphine oxide, or 150 µM of DPPH-H was found to decrease the reaction rate by a factor of 2 or more (Figure S9). In contrast, the addition 
of >25 mM of MeOH or H2O was shown to increase the reaction rate by a factor of 2 or more (Figure S9C). Cerium(III) oleate (Ce(OLE)3), a 
known species in OLE-Ce stock solutions,45 had no effect on the rate (Figure S9C). The effect of the concentration of free oleate anions on the 
kinetics could not be tested due to incompatibilities with DPPH, DPPH-H, and DPPHL-H. Another compound that could potentially be 
important to the kinetics is DCAQ which is present in ceria stock solutions because of the reductive pretreatment with H2DCAQ. Addition of 
large excesses of DCAQ to nanoparticle stocks at a range of %Ce3+ values had no effect on reaction kinetics (Figure S10). While these effects 
are generally modest compared to the changes in k and Keq (´25 and ´107, respectively), these experiments show that changes to the reaction 
solution modulate the reactivity of OLE-Ce.  

The mechanism of this PCET reaction could occur via a stepwise process with a charged intermediate or a concerted process without one. A 
stepwise path could be by initial electron transfer (ET) followed by proton transfer (PT), or by PT then ET. Increasing the solution ionic strength 
through the addition of 0 to 5.3 mM sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaBArF) had no discernible effect on the reaction 
rate (Figure S11). Typically, increasing ionic strength should facilitate reactions with intermediates of higher charge.  

The H/D kinetic isotope effect (KIE) was measured. Our previous study concluded that the majority of redox active sites are surface CeO–
H groups.45 To form CeO-D groups, surface hydroxyl groups were exchanged with either dried perdeutero methanol (MeOH-d4) or deuterium 
oxide (D2O). Methanol and MeOH-d4 were dried over activated 3Å sieves and distilled before use. Exchanges were performed at room 
temperature through simple addition to the reduced OLE-Ce stock solution a few minutes before dilution with THF, stirring at 1000 rpm, and 
reaction initiation via the addition of the organic oxidant. Exchanges were also performed by sequentially removing solvent in vacuo and adding 
deuterated solvent. Experiments were performed by comparing reaction kinetics of exchanged OLE-Ce and OLE-Ce treated in the same manner 
with the proteo solvent (CH3OH or H2O). All of the kinetic measurements, using both DPPHL and DPPH, gave KIEs of 1 within the 
uncertainties (1.01 ± 0.04 with DPPHL, 1.03 ± 0.04 for DPPH). The implications of these various experiments are discussed below.  

IV. Inter-nanoparticle Hydrogen Exchange 
To further understand the kinetic complexity of OLE-Ce H-atom transfer reactivity, it is of interest to understand the timescale of inter-

nanoparticle hydrogen exchange. If the rate of this hydrogen exchange is faster than the reaction rate then it will not be seen in kinetics being 
probed, but if it is slower it could create speciation of the OLE-Ce in solution over the course of the reaction. It is important to note that in the 
above studies, any effect of hydrogen exchange has been mitigated by performing reactions in a large excess of H-atoms added to DPPH so 
that the net change in %Ce3+ is small (<2.3%). Therefore, under these conditions, any inter-nanoparticle hydrogen exchange will not 
significantly affect the distribution of hydrogen coverages. Nevertheless, the timescale of this exchange is, fundamentally, of interest and 
provides one measure of the self-exchange between nanoparticles in the OLE-Ce colloid.  
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Figure 3. Schematic and results for the study of H-exchange between nanoceria. Three reactions are carried out in quartz cuvettes including those with 
a quartz divider that extends much of the way up the cell (a tandem-mixing cell). Shaking the tandem-mixing cell mixes the two solutions on the two 
sides. (A) Schematic of the three quartz cuvettes used to carry out the three reactions before the reaction between Ce-1 reduced by H2DCAQ (Ce-1*) 
and DPPH is initiated. Sample 1 is a standard quartz cuvette, where the reaction was initiated through addition of the Ce-1* stock solution as opposed 
to shaking. Samples 2 and 3 are tandem-mixing cells which only differ by which stock solutions are in each compartment. The total concentration of 

added hydrogen atom equivalents was 0.37 mM in each sample. (B) Kinetic traces for the decay of DPPH absorbance in the three samples. Sample 1 
contained [Ce atoms] = 0.93 mM and [DPPH] = 74 µM. Upon mixing, Samples 2 and 3 contained [Ce atoms] = 1.8 mM and [DPPH] = 74 µM. 

To test for H-exchange, three reactions were monitored in parallel (Figure 3). Sample 1 contained one equivalent of highly reduced Ce-1, 
indicated as Ce-1*, Sample 2 contained one equivalent of the same Ce-1* plus one equivalent of as-prepared Ce-1 (23.5% Ce3+)45 with the 
mixture left to equilibrate overnight, and Sample 3 had contents identical to Sample 2 except that the Ce-1* and Ce-1 were kept separate until 
the reaction was initiated (Figure 3A). If there were no exchange of H between Ce-1 nanoparticles, all three reactions would have proceeded 
similarly to consume the highly reduced Ce-1, and only later would the significantly slower oxidation of the as-prepared Ce-1 occur. In the 
limit of very fast redox exchange, Sample 1 would react faster than the other two since the average hydrogen loading per Ce-1 nanoparticle 
and reaction driving force would have been the highest.  

The kinetic traces for Samples 1 and 3 are very similar at short times, indicating that the 1 equivalent of highly reduced Ce-1 in Sample 3 
had not rapidly equilibrated with the more oxidized as-prepared Ce-1 nanoparticles. However, Sample 2 reacted more slowly at short times, 
showing that H-exchange did occur between the highly reduced and as-prepared Ce-1 overnight. After 5-6 minutes, the traces of Samples 2 
and 3 became more similar, indicating that the H-exchange is occurring on this timescale (Figure 3B). Comparison with the few studies that 
have probed the timescale of H-exchange between metal oxide nanoparticles reveals this value is much slower than apparent H-exchange for 
dodecylamine-capped ZnO nanoparticles in toluene (EPR timescale),55 and is a bit faster than the rate of roughly isoergic H-transfer between 
ZnO and TiO2.56 These data illustrate a diversity in the intrinsic kinetics of hydrogen transfer across various colloidal metal oxide nanomaterials.  

Discussion 

I. Normalizing Kinetics for Surface Active Sites 
The reaction between a DPPH (or DPPHL) molecule and reduced OLE-Ce colloids involves the net transfer of one hydrogen atom. The 

measured rate constants depend on the overall driving force for this reaction, but only to a modest extent (Table 1). Across all conditions, the 
measured log(k)/log(Keq) slopes—the BEP slopes a — are 0.19 ± 0.02. This includes both Ce-1 and Ce-L, with the latter having a larger 
estimated uncertainty in a of ±0.06. The comparable lines for Ce-1 and Ce-L effectively overlay in Figure 2. Thus, the slope is not significantly 
affected by either hydrazyl substitution or nanoparticle size.  

The similarity of the Ce-1 and Ce-L reactions is somewhat surprising, given the simplicity of the rate law presented in eq 2. While the rate 
law was expected to be first order in [Ce atoms], not all cerium atoms are reactive. In our previous report, we demonstrated that the active sites 
are surface CeO–H groups.45 Here we use the previously determined ratios of surface to total cerium atoms (Rsurf)45 to estimate [Ceactive] as 
Rsurf[Ce atoms]. Making this change in the rate law yields a corrected rate constant, kcorr = k/Rsurf (eq 3).  

 rate = kcorr[DPPH][Ceactive] (3) 

Application of this surface-site correction does not change the slope of any of the BEP relationships, but instead simply shifts the data 
vertically on the plot by -ln(Rsurf). Since Rsurf for Ce-1 is 0.85 and that for Ce-L is 0.39, the data for each are translated by 0.16 and 0.94, 
respectively.45 Interestingly, this correction causes the relationships shown for Ce-1 and Ce-L in Figure 2A to separate slightly, so that the 
kinetics of Ce-L reactivity are a little faster than those of Ce-1 at the same driving force (Figure 4A). This difference is consistent with our 
previous observation that the thermodynamic hydrogen adsorption isotherms for Ce-1 and Ce-L do not overlay even with this correction.45 
Despite this small difference, the closeness of the lines in Figure 4 indicates that the α = 0.2 is a characteristic of the reaction between OLE-Ce 
and DPPH(L), independent of the size or nanoparticle batch.  
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Figure 4. Dependence of the surface site adjusted reaction rate constants (ln(kcorr)) on reaction driving force ln(Keq). Values of kcorr are the same averages 
and standard deviations shown in (A) Figure 2A and (B) Figure 2B minus ln(Rsurf). Values of ln(Keq) were determined from ΔGrxn = BDFECe – 

BDFEDPPH-H. In (A) the slope of the Ce-1 linear fit is 0.21 ± 0.02 and that for Ce-L is 0.19 ± 0.06, while slopes of fits in (B) are given in Table 1. Some 
data points in Figure 2B for Ce-L/DPPH are removed for simplicity.   

The Ceactive correction does not, however, remove the gap between the DPPH and DPPHL lines (Figure 4B). In fact, the two-point dashed 
lines between DPPH and DPPHL data points for reactions with the same OLE-Ce stocks represent another BEP relationship. This BEP 
correlation is tuned by the driving force for the addition of H• to the picrylhydrazyl, the DPPH(L)–H BDFEs, with its own slope αDPPH. The 
fact that these lines do not overlay indicates that the slope of this BEP relationship is very different from the relationship derived from changing 
the %Ce3+ (surface H coverage) of OLE-Ce. All nine of these two-point lines have quite similar slopes, with averages of αDPPH = 1.4 ± 0.2 for 
Ce-1 and 1.5 ± 0.1 for Ce-L. Consideration of the uncertainty in ΔBDFE between DPPH and DPPHL (0.5 ± 0.2 kcal mol-1) does not lower the 
measured to slopes below 1.2 for either Ce-1 or Ce-L. 

II. Nature of the Reaction Mechanism 
For the data shown in Figure 4 to be assigned as traditional BEP relationships, the driving force should describe the free energy of the rate-

determining step. As described above, BEP relationships relate the thermodynamic and kinetic barriers for a single mechanistic step. In this 
case the mechanism could be one step if it is hydrogen atom transfer (HAT, or concerted proton-electron transfer (CPET)), as has been discussed 
for other metal oxide nanoparticle systems.57-59 If the mechanism is HAT/CPET, the slopes of the lines in Figure 4 can properly be described 
as Brønsted alpha’s (α) relating the rate constants with the CeO–H BDFEs.   

Our data do not, however, rule out mechanisms other than HAT/CPET. The overall reaction could instead involve a stepwise process, such 
as electron transfer (ET) followed by proton transfer (PT), inner-sphere ET involving binding of a DPPH to a surface cerium ion followed by 
PT and DPPH-H dissociation, the involvement of ligands, or other paths. Addition of excess oleic acid, triphenyl phosphine oxide, and DPPH-
H all inhibit the reaction to a moderate extent (Figure S9B). This could suggest that dissociation of oleic acid or DPPH-H is involved in the 
reaction rate, or perhaps that added ligands make the nanoparticle surface more sterically congested, blocking reactive sites. This is a common 
observation for reactions of capped, colloidal nanoparticles.60-63 Additionally, our previous study indicated that oleic acid protonates the surface 
Ce3+ to form Ce(OLE)3, which would remove reactive sites and slow the kinetics of DPPH reduction.45 In either case, reaction inhibition by 
oleic acid argues against the acid acting as a proton donor in the formation of DPPH-H. Inhibition by DPPH-H may play a role in the non-
exponential character of the kinetic traces. Oleate is unlikely to be involved in the mechanism, as the addition of even small amounts results in 
rapid side reactions with DPPH, DPPH-H, and DPPHL-H. The product of this incompatibility absorbs in the region of the UV-vis spectra where 
the reaction is monitored, so it would be noticeable if oleate were formed.  

To explore the possibility of rate-determining initial outer-sphere ET, we attempted to measure the 1e– reduction potentials of OLE-Ce, 
DPPH, and DPPHL. Efforts with OLE-Ce suspensions were unsuccessful, as no faradaic features were observed by cyclic voltammetry (CV). 
CV experiments with both DPPH and DPPHL showed four reversible faradaic features for each substrate in THF with 0.1 M [Bu4N][PF6] 
(Figure S2). Based on prior studies in other organic solvents,64,65 the chemically reversible couples with E1/2 = -0.329 (DPPH) and -0.261 
(DPPHL) V vs FeCp2

+/0 are assigned as the reductions of the radicals to their hydrazyl anions. The difference in half-wave potentials between 
DPPH and DPPHL (ΔE1/2) of 68 mV, or 1.6 kcal mol-1, is ca. three times the difference in PCET driving force. This is consistent with the 
typical observation for PCET reagents that changes in E1/2 are larger than those in BDFEs.66 A mechanism of rate-limiting ET would be 
consistent with the H/D kinetic isotope effect of 1 measured under multiple conditions. It would also provide an explanation for the large 
changes in rate constants for DPPH vs. DPPHL, as using ΔE1/2 instead of ∆BDFE would reduce αDPPH by a factor of three and bring it close to 
the expected value of 0.5. However, kinetic runs in the presence of 0, 2.7, and 5.3 mM NaBArF (Figure S11) did not show any effect of solution 
ionic strength, which would have been expected to facilitate an electron transfer to make charged products.67 Previous studies also indicated 
similar timescales for reactions performed in THF and toluene,45 despite a factor of 3 difference in dielectric constants between the two 
solvents.68 These results suggest that there is little charge character in the transition state, arguing against rate-limiting ET.  
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The delineation between stepwise and concerted PCET processes at material interfaces is one that is rarely made, and difficult even for the 
relatively well-defined reactions of these nanoparticles. While the ceria colloids used are as similar as we could make them—the same batch 
of material, just reduced by different amounts—our previous study did note reversible changes to the ligand shell and other features of these 
ceria colloids with increasing surface coverages of hydrogen atoms.45 These properties could be relevant to the mechanism of net hydrogen 
transfer to DPPH. On balance, the available evidence suggests that charged species and outersphere ET are not involved in the reaction, though 
we cannot rule this out. We favor the concerted PCET mechanism.  

III. Brønsted Slopes 
With the tentative conclusion that the reactions are simple, one-step hydrogen atom transfer (HAT) reactions, the data shown in Figure 4 are 

traditional BEP relationships. This is, to the best of our knowledge, the first experimental example of a hydrogen coverage-dependent BEP 
relationship on a metal oxide material (to our knowledge, the first for any non-metallic material). The Brønsted a of 0.2 for CeO–H bond 
strength is far lower than the value of 0.5 commonly assumed for heterogeneous catalysis and electrocatalysis. This deviation from expectation 
is significant as a = 0.2 means that an increase in equilibrium constant of 105 (∆BDFE = 7 kcal mol-1) gives only a factor of 10 increase in the 
rate constant, vs. a factor of 300 when a = 0.5.  

The Brønsted a = 0.2 for variations in the CeO–H bond strength is far lower than the value of 0.5 commonly assumed for heterogeneous 
catalysis and electrocatalysis. This deviation from expectation is significant as a = 0.2 means that an increase in equilibrium constant of 105 
(∆BDFE = 7 kcal mol-1) gives only a factor of 10 increase in the rate constant, vs. a factor of 300 when a = 0.5. The same 0.2 slope vs. 
BDFE(CeO–H) was obtained for two different sizes of ceria nanoparticles with two slightly different DPPH abstractors. However, comparing 
the rate constants for the two different H-atom abstractors gave much larger Brønsted slopes, ~1.4, for many 2-point lines (Figure 4B).  

Brønsted slopes for molecular reactions have been discussed by physical-organic chemists for decades.18-22 The simplest interpretation 
follows from the Hammond Postulate, that a shallow dependence of barrier on driving force indicates that the transition state is early along the 
reaction coordinate and a large Brønsted a indicates a late transition state. There are many exceptions to this simple picture, for instance when 
substituents affect transition state energies much more than the overall free energy of the rate limiting step (e.g., when the transition state is 
much more polar than the reactants or products). Two-dimensional More O'Ferrall–Jencks diagrams are often used to describe such situations, 
when the transition state is not simply an interpolation between reactants and products. Thus, the Brønsted a can indicate the position of the 
transition state along the reaction coordinate, but it frequently doesn’t. 

The Brønsted α’s reported here do not fit the simple Hammond-postulate model. This model does not allow for differing α’s upon alteration 
of reaction thermodynamics via the bond strength of CeO–H or that of the organic PCET oxidant, or for a values greater than 1. While the 
deviations from the simple model could be due to the reaction mechanisms being more complicated (see above), this section considers the 
implications if they are one-step H-atom transfer (HAT) or concerted PCET. We emphasize that the stepwise vs. concerted PCET level of 
mechanistic detail is almost never available for rate limiting steps in heterogeneous catalysis (or electrocatalysis). Analyses of rate-driving 
force relationships (e.g., in Volcano plots) typically make the joint assumptions of both concerted e–/H+ transfers (e.g., the Volmer reaction) 
and a = ½. Our measured α’s are relevant to those discussions.  

There have been a number of recent reports of unusual Brønsted a values in molecular H-atom transfer (HAT) or concerted PCET reactions, 
with different interpretations.48-51,69-72,76 Some have invoked Bernasconi’s principle of non-perfect synchronization (first proposed in 
1985).49,69,73 One study of multi-site concerted PCET (MS-CPET) from our laboratory found, similar to the current interfacial study, very 
different Brønsted a’s in response to changes in the ∆G° of the rate determining step in different ways.49,72 Since PCET (and HAT) involve 
transfer of two particles, e– and H+ , there have been suggestions that concerted (one-step) reactions can be asynchronous or imbalanced, such 
that the rates are more affected by the ET or the PT component of the reaction, not just the overall ∆G°PCET.48,50,51,72,74,75 However, the transfer 
of an electron is fundamentally a quantum-mechanical process; the electron does not have a “position” and cannot be treated classically as in a 
More O'Ferrall–Jencks diagram.72,75 Apparent imbalance cold be the result of the involvement of vibrational excited states, or by reactions 
across a series having variable intrinsic barriers (l) or ground-state precursor-complex structures.48-51,69-72 This is an active area of research for 
molecular systems. A 1986 study of interfacial Brønsted slopes by Conway and Wilkinson examined electrochemical proton discharge at 
mercury electrodes (H+ + e–  ®®  ½ H2) and found differences between the behavior on varying the Ka of the acid (a = 0.37 (in H2O), 0.47 (in 
DMF), and 0.33 (in MeCN), and upon varying the applied potential (the Tafel slopes).82 These a values are also relatively low. In the present 
system, the low a for changes in CeO–H BDFE could be influenced by DPPH diffusion through the ligand shell, though mass-transfer 
limitations seem unlikely in these slow reactions in low-viscosity THF solutions. The large α ~1.4 between DPPH and DPPHL could be in part 
due to their steric and hydrophobicity differences.  

This extended discussion (in part prompted by questions from reviewers) shows the complexity of interpreting Brønsted slopes. In addition, 
any generalization from this first example should be made with caution. Still, the current study of ceria nanoparticle reactivity demonstrates 
the possibility of valuable connections between the molecular chemistry and interfacial reactivity. The ceria reactions seem to resemble multi-
site PCET processes in molecular model systems, since the transferring proton comes from a surface OH group while the electron comes from 
a Ce3+ site which might not be adjacent in the metal oxide. Based on the results reported, and the molecular analogies, it seems likely to us that 
many solid/solution interfacial reactions will show significant deviations from the common assumption that the Brønsted a is close to 0.5 for 
heterogeneous catalysts and electrocatalysts as these materials have wide-ranging properties. Many catalysts are high surface area, nanoscale 
catalysts with distributions of active sites and varying surface environments, but unlike those studied here generally do not have capping ligands. 
Just within the class of binary oxides, there are great variations in surface structure, degree of hydration, electronic properties, and 
thermochemical properties.77-79 Greater understanding of the issues raised in this section will enrich the use of linear free energy relationships 
in heterogeneous catalysis and electrocatalysis, and seems likely to open new paths to catalyst improvement. 
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Conclusions 
Reduced cerium oxide/hydroxide nanoparticles (NPs) with oleate capping ligands, suspended in THF, are readily oxidized by the hydrazyl 

radicals DPPH and DPPH–L by net hydrogen atom transfer (HAT). Kinetic experiments show that the reactions are faster with more reduced 
NPs, which have previously been shown to have higher hydrogen surface coverages and lower surface CeO–H bond dissociation free energies 
(BDFEs). The natural log of the hydrogen transfer rate constants, ln(k), correlate linearly with the natural log of the equilibrium constants, 
ln(Keq), over a range of NP redox levels (%Ce from 33.5% - 73.5%). This corresponds to a variation of reaction driving forces (∆∆G°HAT) as 
much as 10 kcal mol. The ln(k)/ln(Keq) linear relationships thus follow the Brønsted-Evans-Polanyi (BEP) relation. To our knowledge, this is 
the first experimental report of how the hydrogen adsorption isotherm of a material alters the kinetics of its reactivity at the solid/solution 
interface. These data and the result of a low Brønsted a of 0.2 therefore serve as important benchmarks for future theory studies, and suggest 
that variations in coverage-dependent BEP relationships across different materials may complicate many common analyses of (electro)catalyst 
performance. 

The experiments show only a shallow dependence of rate constants on driving force: the Brønsted slope a = 0.2 over a change of Keq of 107 
that only changes k by a factor of 25. This value of a is much smaller than typical values for HAT reactions which are close to 0.5. In addition, 
varying the free energy of reactions through changes in the H-atom affinity of the DPPH abstractor has a much more dramatic effect on the rate 
constants (a > 1), which may suggest imbalanced e–/H+ transfer. These results have implications for ‘volcano plot’ or similar analyses of 
reaction kinetics at surfaces, which often use a single thermochemical descriptor for a surface, and often take a @ 0.5. These analyses typically 
assume constant surface coverage, or that coverage effects are small in magnitude or similar across all materials, so that they can be ignored. 
However, the chemistry of nanoceria shows that the surface coverage can significantly shift net hydrogen atom transfer kinetics and 
thermodynamics.  

Our finding that large shifts in CeO–H BDFEs only modestly affect the rate constants for of net hydrogen transfer may provide insight into 
the application of ceria as a catalyst support. In this capacity, nanoceria acts as either a thermodynamic source or sink of redox equivalents for 
many different processes.42,52,80,81 Our previous study posited that the wide range of CeO–H BDFEs may enable the material to facilitate a wide 
range of reactions.45 The shallow BEP relationship found here takes that hypothesis one step further by demonstrating that over the wide range 
of CeO–H BDFEs rates of net hydrogen transfer change far less than would be expected. This could be an advantageous property for a non-
innocent support which must function well across a variety of reaction conditions and driving forces.42,52 As a result, we once again posit that 
these thermodynamic and kinetic properties help to provide a fundamental basis for why cerium oxide is such an exceptional catalyst support.  
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