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Abstract

We present an update and revision to our 2010 review on the topic of proton-coupled electron 

transfer (PCET) reagent thermochemistry. Over the past decade, the data and thermochemical 
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formalisms presented in that review have been of value to multiple fields. Concurrently, there have 

been advances in the thermochemical cycles and experimental methods used to measure these 

values. This Review (i) summarizes those advancements, (ii) corrects systematic errors in our 

prior review that shifted many of the absolute values in the tabulated data, (iii) provides updated 

tables of thermochemical values, and (iv) discusses new conclusions and opportunities from 

the assembled data and associated techniques. We advocate for updated thermochemical cycles 

that provide greater clarity and reduce experimental barriers to the calculation and measurement 

of Gibbs free energies for the conversion of X to XHn in PCET reactions. In particular, we 

demonstrate the utility and generality of reporting potentials of hydrogenation, E∘(V vs H2), in 

almost any solvent and how these values are connected to more widely reported bond dissociation 

free energies (BDFEs). The tabulated data demonstrate that E∘(V vs H2) and BDFEs are generally 

insensitive to the nature of the solvent and, in some cases, even to the phase (gas versus solution). 

This Review also presents introductions to several emerging fields in PCET thermochemistry to 

give readers windows into the diversity of research being performed. Some of the next frontiers 

in this rapidly growing field are coordination-induced bond weakening, PCET in novel solvent 

environments, and reactions at material interfaces.

Graphical Abstract

1. INTRODUCTION

The widespread occurrence of proton-coupled electron transfer (PCET) reactions in 

chemical processes has drawn broad interest from a myriad of scientific communities. PCET 

is involved in chemical synthesis from the bench to the industrial plant and is common in 

nature, biology, materials, and chemical energy processes. This review describes the Gibbs 

free energies—here denoted simply as free energies—of PCET half reactions for a wide 

range of substrates and reagents, with an emphasis on solution-phase reactivity. While PCET 

reactions can be broadly defined as those that involve transfers of electrons and protons (ne−/

mH+), the material covered here is restricted to reactions involving equal numbers of e− and 

H+ (n = m, eq 1). Even with these confines this is a very broad class of reactions, from the 
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cathodic 4e−/4H+ reduction of O2 to H2O in fuel cells (eq 2) to the 1e−/1H+ oxidation of the 

tyrosine residue (eq 3) that facilitates water oxidation in the photosynthetic oxygen-evolving 

complex. It is therefore unsurprising that there have been many previous reviews of the 

PCET field which cover reaction chemistry,1–3 computation and theory,4 electrochemical 

aspects,5 biochemical and biomimetic systems,6–9 photoinitiated reactions,10,11 organic 

synthesis,12,13 hydride transfer,14,15 and more.16,17

X+ne− + nH+ XHn (1)

O2 + 4e− + 4H+ 2H2O (2)

TyrOH TyrO• + e− + H+ (3)

The thermochemistry of PCET reagents provides the foundation for understanding their 

reaction chemistry. Eleven years ago, our laboratory presented the first comprehensive 

listings of solution thermochemical values for PCET substrates.3 We are delighted that it has 

been widely used and that it seems to have influenced several burgeoning areas of chemistry, 

including photoredox (Section 3.3), N2 reduction (Section 3.6), and redox-mediated systems.

Unfortunately, we have found a few systematic mathematical errors in that review which 

shifted the absolute values of reported bond dissociation free energies (BDFEs), as stated 

in our recent correction.18 One purpose of this review is to correct the values in the 

2010 review.3,19 These corrections systematically decrease previously reported BDFEs by 

between 1.6 and 4.8 kcal mol−1, depending on the solvent. We note that the differences 
between prior BDFE values in the same solvent are typically correct, just not the absolute 

values. Furthermore, the discussion provided in the previous review remains relevant, and 

we refer the reader to those sections for further context on the thermochemical values 

presented.3 More details on correct derivation are given in Sections 5 and 6 of the 

Supporting Information of our recent publication.19 More details about how the values in the 

updated tables were calculated are given below.

The increasing centrality of PCET thermochemistry over the past decade has greatly 

increased the quantity and standard of measurement methods and data. These advances 

have, in most cases, made previously used approximations unnecessary. Examples of 

approximations include the use of peak potentials from irreversible electrochemical couples 

in Bordwell’s early pathbreaking studies20 and Abraham parameters for estimating transfer 

free energies between solvents.3 Values from our previous review that employed these 

and other approximations are generally not recalculated in the tables below. Despite 

these omissions, we still report a robust compendium of experimentally determined 

thermochemical values for PCET half-reactions. This includes new values determined since 

our last review, which are largely for coordination complexes and multielectron/multiproton 

reductions. Efforts have been made to make this review comprehensive, but this is a 

challenging standard to reach given the diversity and rapid growth of the field.
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In summarizing what has been learned about PCET thermochemistry over the past decade 

and advocating for new directions, this Review goes well beyond simply correcting 

and collecting values. We provide a thorough breakdown of the thermochemical cycles 

used (Section 2), which we hope provides a simplified analysis for newcomers and new 

insights to already expert practitioners. Furthermore, we demonstrate the experimental and 

theoretical advantages of using potentials of hydrogenation, denoted E∘(V vs H2), to describe 

the thermochemistry of PCET reactions. In particular, E∘(V vs H2) is shown to be effectively 

equivalent to more widely reported BDFEs in solution while also being far easier to measure 

directly (Section 2.2.2 and ref 19). In fact, we highlight a recently published method which 

enables direct measurement of E∘ (V vs H2) for many compounds under any buffered 

solvent condition amenable to electrochemical analysis (Section 2.2.3). Thermochemical 

cycles based on this method and future ones like it will be important to fulfilling the 

growing interest in measuring reaction thermodynamics in real systems where significant 

nonidealities exist (Section 2.3).

The higher standard of data included in this review enabled a novel analysis of the solvent 

dependence of free energies for ne−/nH+ PCET half reactions (Section 3.1). Over a wide 

range of systems, both BDFEs and E∘ (V vs H2) values are shown to be highly insensitive 
to solvent identity across a wide range of molecules and solvents. Importantly, this is not the 

case for ne−/nH+ PCET potentials measured against a pure-electron transfer reference such 

as ferrocene. This is because the overall thermochemical equations will involve the transfer 

of charged species (e− and/or H+), if a hydrogen-based reference is not used. As a result, we 

advocate for the use of H2(g), H•, and the reversible hydrogen electrode (RHE) as reference 

states for both aqueous and nonaqueous thermochemistry. We hope that this transition is 

expedited by expanded experimental use of H2-based reference electrodes, to more easily 

and more accurately determine PCET thermochemistry.19

The advantages of referencing PCET thermochemistry to H2(g) are most apparent in the 

connections it enables to studies in complex reaction media and related fields. We highlight 

the growing interest in engineering solution conditions to improve system performance, 

such as in the use of organic/aqueous mixtures to solubilize redox mediators for oxygen 

reduction21,22 and to perturb solvation environments for small-molecule activation (Section 

3.1).23,24 Additionally, we provide an introduction to the many connections between 

PCET thermochemistry at molecules and (nano)materials (Section 3.8). This includes 

the measurement of hydrogen adsorption energies for gas/solid reactions by temperature-

programmed desorption methods, as well as electrochemical and thermal studies of solid/

solution interfaces. These highlights and others (Section 3) emphasize the centrality of 

PCET thermochemistry and the connections it enables.

2. THERMOCHEMICAL BACKGROUND

The free energy of the ne−/nH+ oxidation of a PCET reagent (XHn) can be described by 

multiple thermochemical formalisms. The simplest case, with n = 1, involves the making 

or breaking of only one X–H bond to give X•; and H• (H+ + e−). The “gold standard” 

thermochemical descriptor for such a process is the bond dissociation free energy (BDFE) of 

X–H (eq 4). When n > 1, the average BDFE (or free energy per H• dissociated) has typically 
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been the preferred value for tabulation. However, most tables of X–H bond strengths 

instead give bond dissociation enthalpies (BDEs).This choice is in part historical as widely 

reported gas-phase BDEs were easier to measure and to connect with early computational 

approaches. When studies of solution-phase bond strengths became more common, most 

tried to parallel the known gas-phase values and report BDEs. Excellent resources exist for 

BDEs, such as Luo’s Comprehensive Handbook of Chemical Bond Energies (2007) and the 

iBonD Databank from Tsinghua and Nankai Universities that lists 7600 BDEs and 35 000 

pKa values.25,26 However, free energies are more important for reactions in solution. This is 

because ΔG∘ values determine equilibrium constants and are used in both linear free energy 

relations and treatments derived from Marcus theory.

X−H X• + H• ΔG∘ = BDFE (4)

We advocate here for the use of a relatively new thermochemical parameter, the potential 
of hydrogenation, E∘(V vs H2), for PCET reactions that involve equal numbers of electrons 

and protons (eq 1). This thermochemical value is directly related to the free energy of 

hydrogenation, by eq 5. We prefer the intrinsic E∘(V vs H2) because it does not scale with 

the number of electrons transferred in a reaction. E∘(V vs H2) is the potential for a whole 
reaction, the addition of H2, rather than the more commonly tabulated half reactions that 

involve the addition of electrons, such as the potential to add protons and electrons to a 

reagent (eq 6). Sections 2.2.2 and 2.2.3 below describe E∘(V vs H2) in more detail, and 

they present the practical experimental advantages of its measurement. Sections 2.3 and 3.1 

discuss the fundamental advantages of this term over electrochemical half reactions, such as 

allowing close comparisons across reaction conditions and reaction types.

X+ n
2H2(g) XHn ΔGhydrogenation

∘ = − nFE∘ V vs H2 (5)

X+nH+ + ne− XHn E∘ X/XHn (6)

In this section, we provide an overview of methods and thermochemical cycles used to 

obtain the values presented in the tables below, with a specific emphasis on the similarities 

between BDFE and E∘(V vs H2). In all of the equations, schemes, and tables, all species 

are solution phase unless otherwise noted, except for H2 and other gases (O2, N2, CO2, CO, 

and CH4) which here are always considered to be in the gas phase (though the use in the 

literature is varied27). The gas-phase standard state is 1 atm, at 298 K. For dissolved species, 

1 M solutions have typically been used as the standard state, though more precise definitions 

are available.28 For reactions where all of the species are in the gas phase, the “solvent” is 

labeled “gas”.

2.1. Traditional Methods for the Measurement of BDFEs

Relative BDFEs can be accurately determined by equilibration, and this gives absolute 

BDFEs when the value for one of the PCET reagents is known (eq 7). Lucarini and co-

workers, for instance, used this approach to determine phenol BDFEs.29 Similarly, Kreevoy 
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et al. used equilibration to measure the relative hydride affinities of NAD+ analogues (a type 

of heterolytic bond strength).14,30,31

X−H + Y X + Y − H
ΔG∘ = BDFE(XH) − BDFE(YH)

(7)

Solution BDFEs (BDFE(solv)) can be derived from known bond dissociation enthalpies 
(BDEs) but only with certain assumptions. If the BDE of X–H is known in the solution 

of interest, then the conversion requires the absolute entropies of XH, X•, and H• in the 

solvent (eq 8). The thermochemistry of H• solvation has been well estimated in various 

solvents, as discussed below (Table 1), but the entropies for HX and X• are almost never 

known experimentally. If the BDE is only known for gas-phase species, additional energies 

of solvation are needed to convert a BDE(g) to a BDFE(solv), which are also almost never 

known.

BDFE(XH)(solv) = BDE(XH)(solv) − TS∘ H•

−T S∘ X• − S∘(XH)
(8)

In practice, the conversion of BDEs to BDFEs uses the assumption that the absolute 

entropies for X• and XH are very similar and cancel, presumably because these species 

are very similar in size and polarity (eq 9).32,33

BDFE(XH)(solv) = BDE(XH)(solv) − TS∘ H• (9)

Bordwell, Parker, Tilset, and others have found this to be a good assumption for the organic 

and organometallic systems they studied.34–37 However, there may be significant deviations 

when X• and/or XH can engage in hydrogen bonding with the solvent.3,38 In addition, there 

can be large entropy terms when high-spin transition metal complexes are involved.33,39 

The concerns about these assumptions emphasize the need for direct measurements of free 

energies to describe PCET reaction thermochemistry, especially when comparing across 

conditions.

2.2. Square Scheme Approaches to BDFEs and Potentials of Hydrogenation

Many BDFEs have been determined by measuring a pKa and a one-electron reduction 

potential (E∘), in a method which essentially parses the BDFE into the free energies for 

electron transfer (ET) and proton transfer (PT) (eq 10).

BDFE = 23.06E∘ + 1.37pKa + CG (10)

This approach was first popularized by Bordwell, although he used it to derive BDEs.34 

The development of this method required the definition of an unusual free energy constant, 

CG. While the use of one constant makes eq 10 elegant in its simplicity, it also buries the 

fact that CG is a composite value that is challenging to measure (see below). As a result, 
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widespread adoption of this approach has left the field with complex terminology that can 

confuse even well-versed practitioners. After all, this review is being written in part because 

our group made thermochemical errors when calculating CG values a decade ago. Below we 

describe the traditional analysis, and then, in Section 2.3, we advocate for the adoption of 

new terminology based on E∘(V vs H2) to make this powerful new method more accessible 

to the research community—intuitively and experimentally.

2.2.1. BDFE Analysis Using CG.—Division of the overall free energy for a solution-

phase PCET process into the components for electron and proton transfer is best visualized 

using a square scheme (Scheme 1). Following this roadmap and eq 10, the overall free 

energy for the PCET process is calculable by adding together the appropriate E∘ and pKa 

values, via the bottom left (eqs 11 and 12) or top right corners. However, the resulting 

equation describes the transfer of e− and H+ (eq 6 where n = 1), as opposed to the desired 

transfer of H•. This thermochemical quandary was first solved with the advent of CG, or 

E∘(H+/H•), since its addition neatly converts e− plus H+ to H• (eq 13). As a result, when the 

CG and the E∘(X/X−) use the same reference electrode—recommended by IUPAC to be the 

Cp2Fe+/0 couple in organic solvents40,41—then the sum of eqs 11–13 gives the BDFE in kcal 

mol−1 (eq 4).

X− X• + e− ΔG∘ = FE∘ X•/X− (11)

XH X− + H+ ΔG∘ = 1.36pKa(XH) (12)

H+ + e− H• ΔG∘ = CG = − FE∘ H+/H• (13)

X−H X• + H• ΔG∘ = BDFE (4a)

However, the calculation of CG involves multiple steps.19 The first is the determination 

of E∘(H+/H2) against the appropriate reference electrode (eq 14). Addition of this quantity 

switches the reference potential to H+/H2(g) in the solvent of interest, and it changes the 

overall thermodynamic equation to describe the potential of hydrogenation (Section 2.2.2). 

Next, the well-known free energy of H2 dissociation in the gas phase is added (eq 15).42 

The last step is addition of the free energy for solvating H• in the solvent of interest (eq 16). 

The sum of eqs 15 and 16 gives ΔG∘
f(H•) (eq 17), which itself is of practical use and whose 

values are compiled for a range of solvents in Table 1.

H+ + e− 1
2H2 ΔG∘ = − FE∘ H+/H2 (14)

1
2H2 H•(g) 1

2ΔG∘
diss H2 (15)
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H•
(g) H•

(solv) ΔG∘
solvation H• (16)

1
2H2 H•

(solv) ΔG∘
f H•

(17)

In this paragraph, we describe, for the interested reader, the nuances of properly calculating 

ΔG∘
solvation(H•). While the solvation term described by eq 16 is intractable to measure 

directly, the solvation of H• has been shown to be well-described by that of H2.43 Other 

workers have used noble gases as models for H•, and recent papers have argued the merits 

of both of these approaches, though values derived from the two methods differ by only 

1 kcal mol−1 at 298 K.44–46 For simplicity and consistency, here we choose to use the H2 

assumption for all solvents. This assumption can be broadly applied, as solvation data for 

H2 are available for numerous solvents.47–49 We note that calculation of ΔG∘
solvation(H•) is 

complicated by the need to convert the standard state of H• in the solvent from the reported 

unit mole fraction (χ = 1) to 1 molar.19 A sign error in applying this conversion resulted 

in systematic errors for the BDFEs reported in our original publication, as noted in our 

recent correction.18 A complete and corrected walk-through of the underlying equations 

is provided in Sections 5 and 6 of the Supporting Information of our recently published 

work.19

2.2.2. Potential of Hydrogenation.—As shown in the section above, determination 

of the CG term needed to measure BDFEs is complex and inaccessible to the beginning 

practitioner. Below, we introduce a more experimentally accessible, and equally robust, 

thermochemical value that one necessarily calculates in the process of determining a BDFE. 

The addition of eqs 11, 12, and 14 (Scheme 2) gives the potential of hydrogenation, or 

E∘(V vs H2). In this scheme, the sum of eqs 11 and 12 gives an electrochemical potential, 

E∘(X/XH, vs Cp2Fe+/0), and eq 14 changes the reference state to E∘(H+/H2). Thus, E∘(V vs 

H2) is the electrochemical potential for an ne−/nH+ half reaction with RHE as the reference 

potential (see below). More generally, since a potential vs RHE is equivalent to the addition 

of H2(g), E∘(V vs H2) is directly related to the free energy of hydrogenation via eq 5 

(repeated below). Equation 5, as noted above and discussed below, is a whole reaction, not a 

half reaction.

X+ n
2H2(g) XHn ΔG∘

hydrogenation = − nFE∘ V vs H2 (5a)

Values of E∘(V vs H2) are also easily compared with BDFEs, as they only differ by ΔG∘
f(H•) 

in the solvent of interest (eq 18). Values of ΔG∘
f(H•) are 52.2 ± 0.6 kcal mol−1 across a 

wide range of solvents, aqueous or nonaqueous, protic, or aprotic (Table 1). As a result, 

solution-phase values of E∘(V vs H2) and BDFE are effectively equivalent. In the following 

paragraphs (and in Sections 2.2.3 and 2.3), we discuss the practical aspects of measuring 

E∘(V vs H2) as well as the experimental and theoretical advantages.
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BDFE(X − H) = 23.06E∘ V vs H2 + ΔG∘
f H• (18)

E∘(V vs H2), in common with a BDFE, describes a complete chemical reaction without 

charged species or electrons (eq 5, Scheme 2). E∘(V vs H2) refers to an electrochemical 

whole reaction, the sum of the two half reactions, E∘(X/XH vs Cp2Fe+/0) (eq 6, or eqs 11 and 

12) and E∘(H+/1/2H2 vs Cp2Fe+/0) (eq 14). Because this is the sum of two half reactions and 

refers to the addition of H2(g) and not electrons, E∘(V vs H2) does not involve a reference 

electrode. This makes E∘(V vs H2) a more universal value, in a sense using H2(g) as the 

specified reference state.

While we prefer to think of E∘(V vs H2) as a whole-reaction potential, it can equivalently be 

described as a half reaction referenced to the H+/H2 potential under the reaction conditions 
(eq 19). The H+/H2 potential under any conditions is called the reversible hydrogen 

potential, RHE. RHE is commonly used in aqueous electrochemistry to refer to the hydrogen 

potential when the proton is not at the standard state, i.e., when the pH differs from zero 

[when pH = 0, this is the standard hydrogen electrode, SHE]. Equation 19 is the same as 

eq 14 except that the proton is not required to be at the standard state, and therefore the 

potential is denoted E without a ∘. However, the H2(g) in eq 19 is constrained to be at a 

standard state (1 atm, 298 K) in the definition of RHE. As discussed below, using protons at 

the nonstandard state makes E∘(V vs H2) a much more universal and useful parameter.

H+ + e− 1
2H2(g) E H+/H2 = ERHE (19)

The use of RHE in nonaqueous solvents is powerful because it has become readily 

measurable with the new open-circuit potential (OCP) method by Roberts and Bullock 

(Figure 1).57 This OCP method was originally performed under nonstandard proton 

activities (RHE) and extrapolated to the standard state (SHE). The robustness of this 

extrapolation was proved by the authors by demonstrating Nernstian shifts of the OCP 

with changes in buffer pKa and reagent concentrations.57 This is therefore a valuable 

methodology for measuring the nonaqueous equivalent of RHE in any solvent suitable for 

electrochemistry and SHE when the pKa scale is known.

For full details of the method, we refer readers to the original article.57 In brief, the OCP 

of a clean platinum wire electrode is measured in a buffered electrolyte solution in the 

presence of 1 atm of H2. This is a direct measurement of the reduction potential of the 

acid component of the buffer to H2 (eq 20). It is termed E ∘ ′(HA/1 2H2)Fc with the prime 

(′) indicating that it is specific to the buffer used and the Fc subscript indicating that the 

reference potential is Cp2Fe+/0.

HA+e− 1
2H2 + A− E ∘ ′(HA/ 1

2H2)Fc = E∘
RHE (20)

Equation 20 is the nonaqueous equivalent to eq 19 in that both define RHE, but eq 20 

recognizes that in nonaqueous solvents the proton is usually bound to a buffer acid. As noted 
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above, RHE is commonly used in aqueous PCET electrochemistry and electrocatalysis, as 

both a physical reference electrode and a theoretical reference state. In RHE electrodes, the 

potential is measured with a clean Pt wire in an electrolyte sparged with 1 atm of H2, with 

proton activity being that of the electrolyte. This means that E∘
RHE is zero and independent 

of changes in pH (aqueous solutions) or buffer pKa, making the reference state independent 

of proton activity. The great value of this reference state is developed in the next sections.

The Roberts and Bullock method requires the assumption that the Pt wire reversibly 

interconverts H2(g) and protons in solution at the reversible potential (RHE) on the time 

scale of the OCP measurements. The advantage of OCP measurements is that they allow 

equilibrium to be achieved over long times, from minutes to hours. Solvent or buffer 

adsorption to the Pt surface would have to be quite strong to inhibit this catalysis over 

such long time scales. This assumption is supported by the quantitatively Nernstian shifts 

upon changes to the solution. When Nernstian behavior is not observed, the method is not 

appropriate. Prior literature studies of HER on platinum electrodes indicate that the reaction 

occurs on the cyclic voltammetry time scale, which is much shorter than the OCP time 

scale.58–60 This assumption is also supported by the equivalence of E∘(V vs H2) and BDFE 

values measured by OCP with those measured by other methods, in different solvents and 

with different buffers.19,57

2.2.3. Direct Electrochemical Measurements of PCET Thermochemistry.—
Direct electrochemical measurements of reversible PCET processes are often possible in 

aqueous solutions. Under acidic, basic, or buffered conditions, proton transfer in water is 

often sufficiently rapid that reversible electrochemical responses are observed for PCET 

redox couples such as quinone + 2e− + 2H+ → hydroquinone.61 The resulting values of 

E∘(X/XHn) are aqueous PCET potentials (eq 6), measured under various conditions and 

corrected to standard states. Many of these appear in the tables below.

Our laboratory has recently developed a direct electrochemical measurement of E∘′(X/

XHn) in organic and mixed solutions using an OCP method similar to that of Roberts 

and Bullock’s for E∘′(HA/H2).19 This is a significant advance as cyclic voltammograms 

(CVs) of PCET couples are almost always irreversible in nonaqueous solvents due to the 

slower proton transfer rates. As a result, E1/2 values determined from these voltammograms 

do not provide accurate measures of the underlying PCET thermochemistry.19,62 OCP 

measurements have a longer time scale than CV, allowing more time for protons and other 

nuclei to equilibrate. The strategy of using OCP measurements, or redox potentiometry, 

to evaluate the thermodynamics of sluggish electroreductions has previously been explored 

in biochemical systems, as well as toward the measurement of molecular hydricities and 

nanoparticle Fermi levels.63–65

In our studies,19 the OCP of a solution containing X, XHn, an acid/base buffer, and 

electrolyte was measured. This directly determined the X/XHn potential vs the reference 

electrode used. Ferrocene was then added to calibrate the internal reference electrode, 

to give E∘′(X/XHn vs Cp2Fe+/0) in that buffered electrolyte (eq 21).19 When multiple 

hydrogens are added to X this approach gives the average free energy to add e− + H+ and, 

via eq 18, the average BDFE. The procedure was validated and applied to a number of 
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X/XHn PCET couples with O–H and N–H bonds, for n = 1 or 2. When applying it, we 

recommend using monoprotic 1:1 buffers AH/A− because then the proton activity is simply 

the pKa of the acid. Keeping the AH:A− ratio at 1:1 also eliminates the need to correct for 

homoconjugation (the formation of AH⋯A− hydrogen-bonded adducts) in most buffers.19,66

X+ne− + nHA XHn + nA−

E ∘ ′(X/XHn vs Cp2Fe+/0)
(21)

nHA + ne− n
2H2 + nA− E∘

RHE (22)

The PCET electrochemical potential derived from OCP measurements can be combined with 

the measurement of E∘
RHE to give E∘(V vs H2) (Scheme 3 and eqs 21 and 22, the latter 

being just n times eq 20). This addition requires that the two measurements be made using 

the same solvent, buffer, and electrolyte, and then the contributions of the buffer cancel. 

The resulting reaction, at the bottom of Scheme 3, and shown earlier as eq 5, is simply 

the potential of hydrogenation of X to XHn. This reaction is, therefore, independent of the 

buffer or ferrocene reference. The advantages of this approach are described in the following 

section.

Scheme 3 is thermochemically equivalent to the route to E∘(V vs H2) in Scheme 2 using 

pKa and E∘. However, these two methods are not experimentally equivalent because one 

OCP potential takes the place of two separate pKa and E∘ measurements, eqs 11 and 12. 

The pKa(XH) and E∘(X/X−) are often measured under different conditions from each other 

and from E∘(H+/H2), introducing potential systematic errors in the analysis. In particular, 

ion pairing with the electrolyte and homoconjugation of the buffer acid and base can 

shift the proton activity in organic solvents significantly from that predicted from ideal 

pKa measurements. The OCP approach has the dual advantages of measuring the proton 

and electron transfer energetics together and of providing more time for thermodynamic 

equilibrium to be reached. In our experience, the OCP approach outlined in Scheme 3 is the 

most accurate measurement of PCET thermochemistry when experimentally accessible.

2.3. Advantages of Potentials of Hydrogenation

As discussed above, values of E∘(V vs H2) are experimentally accessible. They are 

equivalent to proton-coupled electrochemical potentials, E∘(X/XHn vs H+/H2), and they are 

directly related to free energies of hydrogenation. However, potentials of hydrogenation are 

not commonly reported, especially for reactions in nonaqueous environments.19 Instead, 

common practice for electrochemists is to report proton-coupled potentials vs Cp2Fe+/0, and 

common practice for thermochemists is to report BDFEs (or BDEs). Below we demonstrate 

the advantages of instead reporting E∘(V vs H2), and we discuss how this suggested new 

paradigm promotes connections between the thermal and electrochemical communities.

Reporting of proton-coupled potentials as E∘(V vs H2) has significant advantages over 

potentials versus ferrocene or other electron-only references. Because electrochemical PCET 
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involves the transfer of both protons and electrons, the proton activity of solution affects the 

measured potential. While a pure electron reference does not move with proton activity, use 

of E∘
RHE does. As shown in Scheme 2 and Scheme 3, this removes all charged species from 

the overall reaction. Thus, the E∘ (V vs H2) for an ne−/nH+ couple is independent of changes 

in the proton activity of the solvent. This independence leads to E∘(V vs H2) having very 

similar values in a range of solvent conditions (Section 3.1). The solvent independence is 

furthered by the use of the same H2(g) reference for all measurements.

Reporting of E∘(V vs H2) instead of BDFEs allows for a direct comparison with a large 

database of electrochemical values without any conversions. While E∘(V vs H2) values are 

perhaps not as conceptually simple as BDFEs (eqs 4 and 5), they require one less step 

to calculate. E∘ (V vs H2) is converted to a BDFE (or an average BDFE) by addition of 

ΔG∘
f(H•) (eq 18). This free energy has been reported in many but not all solvents (e.g., not in 

DMA, MeOH, and IPA (Table 1)). Still, ΔG∘
f(H•) varies little with solvent and, if necessary, 

can be well estimated by averaging values for similar solvents.

The advantages of this approach are particularly evident for studies in mixed solvents. 

Thermochemical measurements of PCET reactivity have traditionally been inaccessible in 

mixed solvents due to the lack of established pKa scales. In fact, this is a barrier to applying 

a square scheme approach (Section 2.2) even in many pure solvents, as pKa scales are 

not ubiquitous and reagent instability can make measurements challenging. However, both 

issues can be solved by measuring E∘(V vs H2) via Scheme 3, as this method removes the 

need to measure a pKa. In Scheme 3, pKa measurement is effectively replaced by the OCP 

measurement of E∘
RHE which is readily accessible by experiment in any medium that is 

amenable to electrochemical analysis (Figure 1).19,51,57,67–70

The approach in Scheme 3 should be broadly applicable to PCET reagents with O–H and 

N–H bonds in almost any polar medium.19 Currently, the generality of this scheme is limited 

by the OCP method for determining E∘′(X/XHn) (eq 21). In our experience, the method 

will not be successful if there is no Faradaic response for the X/XHn couple in the solution 

window for voltammetry. This is consistent with the understanding that electrochemical 

equilibria can only be reached if electrode kinetics are sufficiently fast to enable current 

flow.71 We therefore suspect that electrode kinetics are the main barrier to measuring E∘′
(X/XHn) for PCET reactions that involve C–H bonds by the OCP method.19 Nevertheless, 

the promise of this methodology is significant as it greatly increases access to the direct 

measurement of E∘(V vs H2) using widely available electrochemical setups. Furthermore, the 

measurement of E∘′(X/XHn), where n > 1, is also made simple by this method as a single 

measurement replaces the alternative of 2n free energy measurements required by a square 

scheme approach. This new method has enabled a broad analysis of the solvent dependence 

of BDFEs and E∘(V vs H2) values (Section 3.1).

Values of E∘(V vs H2) have the additional advantage that they are readily compared to other 

free energies of hydrogen addition (eq 5), in solution or in the gas phase. In aqueous 

solution, tabulated electrochemical potentials vs RHE are equivalent to E∘ (V vs H2). 

There is also a long history of tabulating energies of gas-phase hydrogen addition to both 

molecules and materials (see Section 3.8). BDFEs can also be compared to gas-phase 
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measurements, although the overall reaction is slightly different and a correction of ~4 kcal 

mol−1 must be applied to account for the free energy of solvation for H• (Table 1). For both 

E∘ (V vs H2) and BDFE, practical comparison of solution- and gas-phase values requires the 

assumption that the solvation free energies of X and XHn are very similar. This assumption 

is discussed in Section 3.1.1 below.

Overall, potentials of hydrogenation have the unique advantage of being universal. When 

solution-phase potentials are reported in this way, they not only are solvent independent 

but also become comparable to a broad base of previously reported thermochemical values. 

While we hope that E∘(V vs H2) values will be widely adopted, we recognize that a new 

term brings the potential of further convoluting the literature. As a result, we have striven to 

clearly define the relationships between E∘(V vs H2) and more established thermochemical 

values, such as BDFEs, in Section 2. We anticipate that using E∘(V vs H2) instead of BDFEs 

will facilitate communication between different fields and will spur development of the 

PCET field in multiple directions, such as those highlighted in the various parts of Section 3.

3. INSIGHTS AND EMERGING AREAS OF PCET THERMOCHEMISTRY

3.1. Medium Dependence

Section 2.2 of this review demonstrates that the BDFE of X–H is effectively equivalent to 

E∘(V vs H2). Nevertheless, in the tables below, both the BDFE and E∘(V vs H2) values are 

reported for each compound. This is done to emphasize the utility of E∘(V vs H2) or the free 

energy of H2 addition, which can be measured directly for many reagents in many solvent 

conditions (Section 2.3).

3.1.1. Solvent Dependence.—The assembled data in the tables below send a clear 

message: BDFEs and E∘(V vs H2) values are essentially independent of solvent identity, 

with few exceptions. In Table 2, we compile all reported substrates for which BDFEs and 

E∘(V vs H2) values are known in three or more solvents. When generating this list of 

compounds, all values from our previous review were double checked to ensure that they 

met the more stringent criteria for inclusion used herein (Section 4). Before application of 

this procedure, there were many compounds whose BDFEs seemed to have a significant 

solvent dependence, but afterward there was only one: 4-oxo-1-hydroxy-2,2,6,6-tetramethyl-

piperidine (4-oxo-TEMPOH). The outlier BDFE for 4-oxo-TEMPOH was 61.2 kcal mol−1 

in hexane, which was initially consistent with the intuition that a substrate with polar 

substituents might show a solvent effect between MeCN and hexane. Nevertheless, we 

decided to double check this value experimentally by performing an equilibration between 

TEMPOH (whose BDFE is reported as 63.4 kcal mol−1 in hexane) and 4-oxo-TEMPO. 

Interestingly, we find that the Keq for this reaction is 3.9 ± 2.0, suggesting that 4-oxo-

TEMPOH is less reducing than TEMPOH and should therefore have a higher BDFE (see 

SI). In fact, use of the corrected BDFE removes the effect of solvent on BDFE such that the 

average value across hexane, CCl4, and MeCN is 65.6 ± 1.4 kcal mol−1. With this correction 

in mind, all substrates we know, for which data are available in three or more solvents, 

have BDFEs that are independent of solvent. This is a remarkable result because E∘ and pKa 
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values often vary substantially with solvent, and yet the averages of BDFEs and E∘(V vs H2) 

values across a range of solvents have uncertainties similar to those of the individual values.

The explanation of the solvent constancy or medium independence of ne−/nH+ transfer 

reactions can be described by a new square scheme (Scheme 4). The top and bottom 

of the scheme are the equations for the BDFE of X–H, differing only in the solvent 

(S vs S′). The difference between the BDFEs in the two solvents is the difference in 

the transfer free energies of dissolved reagents.67 The free energy of solvation (ΔG∘
solv) 

for H• is essentially constant across all solvents (Table 1), so all differences in BDFEs 

between solvents can be attributed to ΔG∘
solv(XH) – ΔG∘

solv(X•). Both XH and X• are of 

similar size and polarity, differing only by one H atom, so it is not surprising that these 

terms are usually similar and effectively cancel one another. One might expect significant 

differences because XH and X• have different capacities for hydrogen bonding, depending 

on the solvent, but this is not evident in the data. Even 1,4-hydroquinones, which are 

expected to have significantly different hydrogen bonding characteristics as compared to 

their corresponding quinones, show very small solvent dependencies between protic and 

aprotic/H-bond-accepting mediums (Table 2).

3.1.2. Phase Dependence.—A scheme similar to Scheme 4 can be used to compare 

gas- and solution-phase X–H BDFEs and E∘(V vs H2) values [more details on E∘(V vs 

H2)(g) are provided in Section 4]. If the solvation free energies of X• and XH cancel 

(including the entropy term for the change in standard state from 1 atm to 1 M for 

both reagents), the only difference between the solution- and gas-phase BDFEs is the 

ΔΔG∘
f(H•), which is 3–4 kcal mol−1 across many solvents (Table 1). Furthermore, under 

these assumptions there is no expected difference between values of E∘(V vs H2) across 

the solution and gas phase. In Table 3, we compare aqueous and gas-phase potentials of 

hydrogenation, as the difference between the two values describes whether X or XHn is 

more favorably solubilized. For three simple alkyl and phenyl thiols, there is no significant 

phase dependence of the potential of hydrogenation of RS• (ΔE∘(V vs H2) = E∘
(aq) – E∘

(g) = 

0.01 ± 0.06 V), thereby demonstrating that the free energies of solvation of RSH and RS• 

are very similar. However, for three alkyl hydroperoxides, ΔE∘(V vs H2) = 0.32 ± 0.09 V. 

This indicates significantly more favorable solvation of ROOH versus ROO•. While it makes 

sense for ROOH to be preferentially stabilized by being a hydrogen bond donor, this effect 

is often small as evidenced by the phase-independent PCET thermochemistry of PhOH and 

other hydrogen-bonding compounds. In general, a slight preferential solvation of XHn over 

X does seem to be common, although this trend shifts in a few rare cases including the 

reduction of H2O2 to 2H2O and that of Ph2N• → Ph2NH.

Analyzing the phase dependences of reactions that involve cleaving more than one X–H 

bond should be done with caution. For instance, the conversion of N2(g) + 3H2(g) to 2NH3 

involves the solvation of NH3 and also the entropy term for the two ammonia molecules 

converting from 1 atm to 1 M standard state. Nevertheless, the potentials of hydrogenation 

for N2 to NH3 are roughly independent of phase. Similarly, the ΔE∘(V vs H2) is <50 

mV for several other complex reactions including the reduction of O2 to H2O and the 

hydrogenations of CO2 to both CO and CH4.

Agarwal et al. Page 14

Chem Rev. Author manuscript; available in PMC 2022 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



These observations of phase-independent E∘ (V vs H2) are not nearly as robust as the solvent 

independence described in Table 2. Nevertheless, they demonstrate that in many cases the 

effect of phase on PCET thermochemistry is minimal. Further study will be required to 

more clearly predict which compounds should be expected to demonstrate phase-dependent 

potentials of hydrogenation.

3.1.3. Mixed Solvent Systems.—Nontraditional solvent systems, including mixed 

solvents and those without established pKa scales, have been shown to be valuable for 

a variety of applications involving PCET reactivity. Investigators have employed various 

media to tune reagent activity, control reagent solubility, and separate reagents, in efforts to 

increase the selectivity and efficiency of their systems. The optimal medium for catalyzing 

PCET reactions must, among other properties, adequately solubilize the substrate and 

catalyst while maintaining a rapid rate of proton transfer. Organic solvents often excel at 

the former requirement, while aqueous solutions excel at the latter. To get the “best of both 

worlds”, some authors have investigated the efficacy of mixed solvent systems. Below we 

discuss several examples and consider the challenges that PCET in mixed solvent systems 

poses to thermochemical measurements.

One example comes from the work of O’Hagan and co-workers who demonstrated that 

changes in the reaction medium—ionic liquids with varying mole fractions of H2O—

could engender faster rates of electrocatalytic hydrogen production without increasing the 

overpotential.69,70,73 A key to these studies was accurate measurements of overpotential and 

therefore of E∘′(H+/H2) in various solvents (Figure 2A), following the procedure of Roberts 

and Bullock discussed above.57 With increasing water content, overpotentials remained 

relatively constant, while catalytic currents increased by nearly 2 orders of magnitude. The 

rate increase correlated with the proton diffusion coefficient measured using pulsed-field-

gradient NMR (Figure 2B).70 Beyond changing water content, the rates were 3–5 orders 

of magnitude higher in the ionic liquid/water mixtures than in MeCN:H2O mixtures. This 

effect was found to be related to the rate of boat/chair catalyst isomerization based on further 

studies which varied the chain length of substituents on the outskirts of the catalyst (Figure 

2C,D).73 Later work interrogated the melding of these effects with that of solvent viscosity, 

to design a state-of-the-art molecular electrocatalyst for hydrogen production.74 These 

studies demonstrate that solvent engineering can play a valuable role in the development 

of advanced electrocatalysts for PCET processes.

Mixed-solvent systems and tailored microenvironments are of increasing interest. One high-

profile study of CO2 electro-reduction with cationic iron porphyrins reported remarkable 

rates in DMF “in the presence of 3 M phenol”.75 This is roughly 3 4 DMF and 1 4 phenol 

in mole fraction. The authors estimated the standard potential for CO2 to CO using the 

Henry’s law constant for CO2 and the pKa of carbonic acid in pure DMF. Measurement of 

E∘′(H+/H2) in the CO2-saturated, 0.1 M H2O, mixed DMF/phenol solvent would allow for 

a more direct comparison of the catalytic response with the essentially solvent-independent 

E∘(CO2/CO vs H2) ( Table 21). These are important considerations for reporting catalyst 

metrics that are comparable across conditions. Other recent work has used acetonitrile 

with ≥5 M water (4:1 mole fraction MeCN/H2O) for the electrochemical oxidations of 
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cyclohexene and cyclic ketones.76,77 As shown by the elegant O’Hagan studies above, OCP 

measurements of E∘(H+/H2) in such mixed solvent systems enable the determination of 

thermochemical parameters and comparisons with potentials of hydrogenation since those 

are almost solvent-independent. We encourage researchers to use this approach, which offers 

simple access to accurate overpotentials and enables quantitative analysis of effects of 

solvent identity on catalyst performance. Although the potentials are relatively insensitive 

to solvent identity (Table 2), rate constants may vary significantly. We also note that the 

overpotential for electrocatalysis can be different in the reaction-diffusion layer from that 

referenced in the bulk solution if the local environment at the electrode surface differs from 

the bulk solution.

More complex media with multiple liquid phases or regions are also of increasing 

importance. For example, a recent U.S. Department of Energy Basic Energy Sciences 

report recently identified the control of these “microenvironments” as a priority 

research objective in solar fuels research.78 One recent study used a two-phase 1-

hexanol/water mixture to electrochemically generate hydrogen peroxide, with the 2,7-

disulfonylanthraquinone electrocatalyst migrating between the aqueous and organic layers.21 

Selective electrochemical conversion of methane and O2 to methanol under ambient 

conditions was enabled by a silicon nanowire electrode that created separate anoxic and 

oxic environments near the electrode interface.79 In general, these studies and many related 

ones have not focused so much on the PCET thermochemistry, though it can play a key role.

3.2. Relationships between Proton, Electron, and Hydrogen Transfer Free Energies

The PCET square scheme for an XH reagent, as shown with a free energy surface in Figure 

3, has five separate reactions and free energies: two E∘ values (for the ET steps), two pKa 

values (PT steps), and one BDFE (for the concerted, CPET reaction). This section describes 

analyses of these five parameters for a single species and then across a series of related 

molecules.

3.2.1. Thermodynamic Coupling between ET and PT Free Energies.—The 

free energies corresponding to the ET (−FE∘), PT (2.303RTpKa), and CPET events in 

Figure 3 are interdependent. This is because free energy is a state function, and Hess’ 

Law necessitates that the free energy difference between two states is path-independent. 

Movement around any closed loop in Figure 3 must therefore have ΔG∘ = 0. This analysis 

leads to the result that, for any reagent XH, the free energy shift in E∘ upon deprotonation 

must equal that in pKa upon oxidation (eq 23).

F E∘ XH+/XH − E∘ X/X−

= 2.303RT pKa(XH) − pKa XH+ (23)

We have called the value of this shift the thermodynamic coupling between the e− and H+ for 

reagent XH, and it can vary dramatically.3 When the e− and H+ “come from the same bond”, 

the shift can be enormous. For instance, CH4 is an extremely weak acid but upon oxidation 

to CH4
•+ becomes highly acidic. For the hydroxylamine TEMPOH, for which the effects of 
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e− and H+ transfer are localized to the NOH unit, the shift in E∘ upon protonation is ~2.6 V, 

which is equivalent to the shift in pKa of >40 units.3 As our 2010 Chem. Rev. explained in 

detail, such reagents where the thermodynamic coupling is large have a strong preference to 

react by transfer of the e− and H+ together, by concerted proton–electron transfer (CPET).3 

This is because, when the coupling is large, the top left and bottom right corners of Figure 3 

are typically high in energy (e.g., the CH4
•+ and CH3

− species), thereby disfavoring stepwise 

mechanisms. A common form of CPET is hydrogen atom transfer, wherein the e− and H+ 

are transferred together from a single site on one reagent to a single site on another. Through 

the lens of thermodynamic coupling, then, hydrogen atom transfer represents the case in 

which both reagents have large thermodynamic coupling.80

As the electron (or hole) becomes more delocalized or is farther from the site of protonation/

deprotonation, the thermodynamic coupling decreases.80 For phenol in water, the ΔE∘ is 0.7 

V (ΔpKa = 12 units). For metal-imidazole and related complexes, where the nitrogen atom 

being deprotonated is three bonds removed from the metal center undergoing formal redox 

change, removal of one proton raises E∘ by ca. 300 mV. Examples include 365 mV for an 

iron(tetraphenylporphyrin)–bis(4-methylimidazole) complex,81 340 mV for the ruthenium 

pyridyl–imidazole in Figure 4A,82 and 240 mV for the benzimidazole deprotonation in 

Figure 4B.83 Williams et al. showed that Fe, Co, and Ru complexes with multiple imidazole 

ligands exhibit a shift of ~300 mV per imidazole deprotonated, up to a remarkable 1.38 V 

shift for an iron complex with four imidazoles (Figure 4D).84,85 When the acid/base site is 

well separated from the redox one, the coupling becomes very small. For example, Figure 

4C displays a complex in which the iron potential shifts only 20 mV upon deprotonation 

of the distant propionic acid side chain.86,87 When the ET and PT agents are separate 

molecules, then of course there is no coupling (Section 3.3 and Table 22).

3.2.2. Thermodynamic Compensation between ET and PT Free Energies.—
Over a series of related PCET compounds, the BDFE, pKa, and E∘ values will vary with the 

changes in substituents and structure. These correlations are typically analyzed with linear 

free energy relationships (LFERs), extra thermodynamic empirical relationships between 

different parameters. The most common is perhaps the Hammett equation from 193788 

which relates the variation in a property of interest with the pKa values of benzoic acids 

with the same substituents.89 Similarly, a range of metal complex reduction potentials can be 

predicted fairly accurately with a set of “Lever parameters” for the metal and ligands.90,91

Typically, over a set of PCET reagents within a given chemical class, the E∘ and pKa 

values will vary much more than the BDFEs. This is because the pKa and E∘ are inversely 

correlated quantities—an electron-withdrawing substituent makes XH and XH+ more acidic 

but also makes XH and X− harder to oxidize. Because the BDFE correlates positively with 

both the pKa and E∘, these changes counterbalance one another and give a much smaller 

change in BDFE. This can be viewed as a thermodynamic compensation between the E∘ 

and pKa over the series of compounds (that is, between pKa(XH) and E∘(X•/−) or between 

pKa(XH+) and E∘(XH+/0)).3,92 To our knowledge, this effect was first emphasized by Pratt, 

DiLabio, Mulder, and Ingold in a 2004 Acc. Chem. Res. article on the relationships between 

toluene, aniline, and phenol BDEs and Hammett substituent constants.93 The exact extent 
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of thermodynamic compensation in a particular series is represented by the proportionality 

constant γ in eq 24.

ΔE∘ = − γ(0.059 mV)ΔpKa (24)

Within some classes of PCET compounds, the free energy changes in the E∘ and pKa are 

so closely balanced that the BDFE stays remarkably constant, such that γ = 1 in eq 24. 

Substituted toluenes, for example, show almost perfect thermodynamic compensation of this 

kind. p-Tolunitrile is ~10 pKa units more acidic than toluene (~14 kcal mol−1 from ΔΔG∘ 

= −RTΔln Keq), while the corresponding benzyl radicals differ in E∘ by ~0.7 V (~16 kcal 

mol−1), leaving the NCC6H4CH2–H BDFE only 2 kcal mol−1 higher than the PhCH2–H 

BDFE.94

Other PCET reagent classes do not show such close thermodynamic compensation. Across 

a series of substituted phenols in DMSO and water, for example, changes in aromatic ring 

substituents cause smaller changes in the free energy of deprotonation than in the free 

energy of the subsequent oxidation of the phenoxide (γ > 1). Therefore, electron-donating 

substituents generally decrease the phenolic O–H BDFE, while electron-withdrawing 

substituents increase the BDFE. An analysis by Dhar et al. examined the extent of 

compensation for different classes of organic molecules and metal complexes, as shown 

in graphical form in Figure 5 (where the red line indicates perfect compensation, γ = 1).92

The frequent pattern that E∘ values are more sensitive than pKa values to substituent 

changes (γ > 1) may be due to deprotonation occurring locally at the X–H bond, while 

oxidation involves removal of an electron from a delocalized molecular orbital. For phenols, 

substituents on the aromatic ring directly interact with the redox-active π system but are 

more distant from the acidic OH. In contrast, the carbanion formed upon deprotonation 

of a toluene has much more delocalization into the aromatic ring. This rationalization 

is consistent with near perfect thermodynamic compensation of toluenes (γ = 1.1 in 

acetonitrile94) and a much larger γ for phenols (γ ≈ 3 in water). In the ruthenium complex 

in Figure 4A, replacement of the acac ligands in hexafluoro-acac shifts the E1/2 positive by 

0.93 V, while the imidazole pKa shifts only a modest 3.2 units (giving γ = 5).82 This lack of 

good compensation means that the N–H BDFE increases by 17 kcal mol−1.

An important example of thermodynamic compensation is redox leveling, which occurs 

when a metal complex is oxidized or reduced by multiple steps, but its BDFE and E∘ 

(V vs H2) remain fairly constant. This effect was noticed at least as far back as 1981 

by Bruce Moyer and Thomas J. Meyer (who coined the term PCET), for a RuII(H2O)/

RuIII(OH)/RuIV(O) system.95 The reduction potentials and pKa values for these different 

complexes vary substantially, but the compensation means that the two BDFEs are very 

similar (the diagonal lines in the Pourbaix diagram in Figure 6 are close). This is a critical 

effect in the use of metal complexes or active sites for multielectron catalysis. In the 

tetramanganese–calcium oxygen evolving complex (OEC) in Photosystem II, for example, 

the four redox equivalents need to be removed at similar potentials to generate O2, as 

discussed by Pecoraro and Babcock.96–99 This need for redox leveling should apply to many 
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ne−/nH+ catalytic processes, from enzymatic active sites to the surface of IrO2-catalyzing 

water oxidation.

3.3. Oxidant–Base and Reductant–Acid Pairs for MS-CPET

In multiple-site concerted proton–electron transfer (MS-CPET), a proton and electron come 

from (or go to) two chemically distinct sites (Figure 7A).80,104 This has also been termed 

“multisite” or “orthogonal” or “bidirectional” PCET.1,2,105–109 Overall, the thermochemistry 

of MS-CPET is similar to that of other PCET systems.104 An “effective BDFE” can be 

defined for any reductant–acid (or oxidant–base) pair to express their H-atom-donating 

or -abstracting ability, even though no X–H bond is homolytically cleaved (respectively, 

formed) in the process (eq 25).

BDFEeff = 23.06E∘(Ox+/0) + 1.37pKa(BH) + CG (25)

Figure 7 displays several examples of MS-CPET reactions in biology and synthetic 

applications and highlights the diverse nature of these reactions.

3.3.1. Continuum between HAT and MS-CPET Reactions.—This section presents 

some of the complexities of MS-CPET reactions, including the extent of thermodynamic 

coupling, separation of charge, ground-state hydrogen bonding and complexation, and 

the possible conflation of multiple of these effects. In Photosystem-II (Figure 7B), 

tyrosine-161 appears to be oxidized in a CPET process in which the e− is transferred 

~10 Å to the oxidized chlorophyll special pair P680+, while the H+ travels to the nearby 

histidine-190.1,2,8 In examples like this, the cofactors are independent of each other, and 

there is no thermodynamic coupling or thermodynamic compensation (Section 3.2). This 

leads to the point that there is a continuum between “simple” hydrogen atom transfer and 

MS-CPET. In this example, P680+, histidine-190, and tyrosine-161 are all in the same 

protein complex, yet this process most closely resembles MS-CPET.80 In C–H oxidations 

by cytochrome P450 enzymes, on the other hand, the proton moves to the oxygen of the 

ferryl group, while the electron is transferred to a hole on the other, redox-active ligand 

(see Section 3.7.1 below). These sites are much more thermodynamically coupled, and this 

process lies in between HAT and MS-CPET.

The distinctions between HAT and MS-CPET can be quite significant. When the e− and 

H+ start far apart, such as in MS-CPET, there can be a substantial change in the charge 

distribution, as opposed to a reaction that resembles the transfer of a neutral hydrogen 

atom. The change in charge distribution also means that electrostatic “work terms”, free 

energies to assemble the reactive complexes, can be important. For bimolecular electron 

transfer reactions, there are work terms in forming the precursor and successor complexes 

(wp and ws, respectively, in Scheme 5). This means that the thermochemistry of the actual 

unimolecular ET step, ΔG∘’, can be different from the overall thermochemistry ΔG∘ (Scheme 

5a; see excellent and accessible summaries by Sutin and by Eberson111,112). For hydrogen 

atom transfer reactions, however, no charge is passed in the unimolecular HAT step, so ΔG∘′ 
= ΔG∘ (though there can be electrostatic and hydrogen bond effects on the formation of the 

precursor and successor complexes,113 shown in Scheme 5b).
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Multisite processes more resemble ET in that there is a charge redistribution in the MS-

CPET step (Scheme 5c). In this case, the free energy of unimolecular MS-CPET can 

be different from that among the separated reactants, ΔG∘′ ≠ ΔG∘, and this effect is 

significant when the charges are large and the medium has a low dielectric constant.109 

These effects can be particularly pronounced in termolecular systems.114–116 These were 

(to our knowledge) first systematically pursued by Linschitz et al., for instance, quenching 

photoexcited 3C60 with various phenol–base pairs.114,115 A few more recent examples are 

from the groups of Meyer,117–120 Hammarström,121 Stanbury,122 Knowles,123 Tommos,124 

Barry,125 and our laboratory,116 among others.

Another feature that is very common in CPET reactions is hydrogen bonding between the 

acceptor and donor molecules (Figure 7A–C). In the aforementioned Photosystem-II, for 

example, the tyrosine-161 donor is hydrogen bonded to the histidine-190 acceptor.1,2,8,126 

In fact, most CPET reactions involve the pre-equilibrium formation of a hydrogen-bonded 

complex between the proton donor and acceptor.12,109,110,113,127,128 Knowles and co-

workers have demonstrated that this feature can be utilized to selectively cleave strong N–H 

and O–H bonds in the presence of weaker C–H and S–H bonds, which do not form such 

favorable hydrogen bonds (Figure 7C).109

We conclude this section by highlighting a recent paper from Knowles in which a 

noncovalent complex formed between an iridium(III) photooxidant and phosphate base 

cleaves a strong C–H bond (Figure 7D). C–H MS-CPET is often difficult because there is no 

hydrogen bond to prealign the PT coordinate. Our group has shown in the C–H MS-CPET 

reactions of fluorenyl benzoates that this prealignment can be achieved through covalent 
attachment of the base to the C–H bond.127–129 Yet, the system from Knowles has no 

such prealignment, perhaps suggesting that the key lies instead in the reduced molecularity 
of the reaction. Regardless of the exact origin of this reactivity, these MS-CPET systems 

represent an exciting development in methodologies for C–H bond cleavage. We also note 

that such preassociation of the oxidant and base affects the basicity (and likely also the 

oxidizing power) of this pair and complicates the assignment of an exact BDFEeff (eq 25). 

Moreover, this system exemplifies the continuum between HAT and MS-CPET reactivity as 

a quasi-bimolecular system with intermediately coupled ET and PT events.

3.3.2. Practical Considerations for Thermal and Photoinduced MS-CPET.—
While there is, in principle, an infinite number of oxidant–base and reductant–acid pairs, 

the number of practical combinations in typical solution chemistry is limited by the 

compatibility of the two reagents. In the case of oxidant–base pairs, there are often side 

reactions between the electron-poor oxidant and the electron-rich base. Reductant/acid 

pairs are also limited by incompatibility issues, including protonation of the electron-rich 

reductant and formation of H2 by reductant–acid pairs with effective BDFEs less than 

ΔG
∘
f(H•) or 52 kcal mol−1 (Table 1).

A number of oxidant–base and reductant–acid pairs have been studied for their chemical 

compatibility and stability with regard to solvent, concentration, temperature, and 

counterion.104 In general, low temperatures, low concentrations, and unreactive solvents 

and counterions increase chemical compatibility. In some cases, low-polarity solvents lead 
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to ion pairing and high local concentrations of the components, resulting in faster decay 

(e.g., ref 130). In Table 22, we highlight compatible combinations, verified either by direct 

study of their compatibility under certain conditions104 or by their success in performing 

organic transformations.123,131–134 These pairs have the remarkable ability to break bonds 

as strong as 106 kcal mol−1 and to form bonds as weak as 15 kcal mol−1. For a discussion 

of reductant–acid pairs for the reduction of N2, see Section 3.6 and the more detailed 

review from Peters.135 MS-CPET reactions have been particularly utilized in the application 

of photoredox catalysis to organic synthesis.12,109,110,127,128,136 Photogenerated strong 

oxidants and bases give pairs with remarkably high effective BDFEs,12 and analogously 

the combination of a photoreductant and an acid can have a very low BDFEeff. A few 

representative examples are included in Table 22. Compared to thermal oxidants/reductants, 

the concentrations of photogenerated species are typically significantly lower and can be 

controlled by the incident photon influx, which can mitigate compatibility limitations.12

The field of photoinduced CPET has been growing rapidly, as summarized in excellent 

recent reviews by Wenger.7,11 One thermochemical challenge in photoinduced ET and 

PCET is the determination of the reduction potential of the thermally relaxed excited 

state. This issue has been discussed in great detail in the enormous area of excited-state 

ET reactions, notably in 1968 by Weller.137 The excited state E∘ is estimated using a 

thermochemical cycle with the excitation energy, which is typically taken as the low energy 

side of the emission spectrum, such as the lowest peak in a vibrational progression, or at 1 or 

10% of the maximum emission intensity.138–140 While this issue is beyond the scope of this 

review, we note that readers can often find different values for the excited-state potential of a 

particular chromophore.

3.4. Coordination-Induced Bond Weakening

The concept of coordination-induced bond weakening first became important in organic free 

radical chemistry, in the search for “greener” sources of hydrogen atoms than, for example, 

tin-hydride reagents (e.g., Ph3SnH).141–144 This came to the fore in work by Cuerva et al. in 

2006, who showed that H2O coordinated to a TiIII center had a sufficiently weak O–H bond 

to transfer H• to carbon radicals (Scheme 6).145–147 This was very surprising because water 

itself has a very large BDFE (110.6 kcal mol−1 [gas] or 115.8 kcal mol−1 [liquid], Table 10). 

They computed the Cp2(Cl)TiIII(HO–H) BDE to be 49.4 kcal mol−1, a weakening of 59 kcal 
mol−1 from the first BDE of H2O(g) computed at the same DFT level of theory.

In a broader sense, the PCET reaction in Scheme 6 is a typical example of most PCET 

reactions of metal complexes, which couple redox change at the metal center with proton 

exchange at the ligand. The X–H BDFE on the ligand is then defined by an E∘ at the metal 

center and a pKa of the ligand acidic site, going through either corner of the relevant square 

scheme (Scheme 7A, similar to Scheme 1 for a simple X–H reagent). In general, bonds in a 

ligand will be weak (i) when LnM–X–H is a strong reductant and (ii) when the oxdized form 

LnM+–X–H is a strong acid (the left and bottom edges of Scheme 7A).

The origin and amount of bond weakening can be analyzed using Scheme 7B, where BDFE′
(XH) is the coordination-induced weakened X–H BDFE. The BDFE decrease is equal to the 

difference in the binding energy between the ligands XH and X• to LnM+. A metal center 
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binding X•, such as a hydroxyl radical, can be further thought of as an ET from the metal 

followed by binding of X− (hydroxide) to the oxidized metal (LnM+). This directly relates 

the magnitude of bond weakening to the reducing power of the metal center. Therefore, 

non-reducing metal centers such as TiIV will not cause bond weakening, only reductants 

such as TiIII. Overall, the bond weakening is given by eq 26. From the perspective of 

Scheme 7B/eq 26, Cuerva’s Cp2TiCl system is very well set up for bond weakening. The 

binding of OH− to Cp2TiCl+ should be much stronger than the binding of water to Cp2TiCl, 

and electron transfer from TiIII to OH• should be very favorable.

bond weakening = BDFE(X − H) − BDFE LnMX − H

= − ΔG∘ XH binding to LnM

+ΔG∘ X−binding to LnM+

+ΔG∘ ET from LnM to X•

(26)

Even more ideal is the case of Sm2+, which is an exceptional reductant (E∘ = −1.55 V vs 

SHE in water). Oxidation gives Sm3+, which is a stronger Lewis acid and therefore can bind 

X− strongly. We estimated the O–H BDFE for aqueous [Sm(H2O)n]2+ as 26 kcal mol−1,148 

consistent with earlier estimates from Szostak and from Flowers.149,150 This is a remarkable 

90 kcal mol−1bond weakening versus liquid water. The difference between the value for 

[Sm(H2O)n]2+ and the 73.6 kcal mol−1 O–H BDFE for [Fe(H2O)6]2+ (Table 23) is primarily 

due to the lower reducing power for the iron complex (FΔE∘ = 2.3 eV = 53 kcal mol−1).

Bond weakening is not limited to water ligands. Alcohols, amides, and other groups bound 

to Sm2+, Ti3+, and other reducing metal centers show the same effect. This has been 

exploited in SmI2·H2O/THF reductions in organic synthesis.151–156 Knowles applied the 

coordination-induced bond weakening of amides to perform catalytic conjugate aminations 

using a TiIII–TEMPO system, demonstrating the potential of this effect for catalyst design 

(Figure 8A).157 Similarly, Holland and Poli recently suggested a PCET step involving 

an FeII–ethanol complex with a weak O—H bond as a key intermediate in alkene cross 

couplings (Figure 8B).158 The concept of coordination-induced bond weakening has also 

been very valuable in understanding metal-mediated N2 reduction and ammonia oxidation, 

as discussed in Section 3.6.

3.5. Kinetics of Concerted PCET Mechanisms

While this review is about PCET thermochemistry, we would be remiss not to mention 

its close connections to the kinetics of such reactions. These connections are increasingly 

evident, and they are a key reason why the thermochemistry is of continuing interest. The 

connections between the kinetics and thermodynamics of CPET would fill another review, 

so only some brief comments are given here.

3.5.1. Linear Free Energy Relationships and Marcus Theory.—Many sets of 

similar CPET reactions have been shown to obey linear free energy relationships (LFERs) 

between the kinetics and thermodynamics of PCET reactions. The most common are 

correlations of log(kCPET) with the BDFE or BDFEeff.3,80 These are equivalent to plots 
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of log(kCPET) vs log(Keq) or of barrier vs driving force, ΔG‡ vs ΔG∘. The unitless slopes 

of such plots—the Brønsted slopes or the Brønsted α—can provide useful intuition. At 

low driving forces, |ΔG∘| ≪ ΔG‡, simple analyses suggest that changes in barrier should 

be roughly half of the changes in ΔG∘, α ≅ 1 2. From one perspective, this is because the 

transition state in this limit is roughly halfway between reactants and products following 

the Hammond postulate.159,160 Similar PCET LFERs are part of the “scaling relationship” 

or “volcano plot” analyses of heterogeneous catalysis and electrocatalysis (Section 3.8). 

However, several recent papers have reported α values that differ strongly from 1 2 in the low 

driving force regime.123,127,128

A number of laboratories, including ours, have gone beyond LFERs to apply versions of 

Marcus theory to CPET reactions.123,161–169 This is based on theoretical treatments of 

CPET built on Marcus foundations.4,6 We have found that most CPET rate constants obey 

the Marcus cross relation, at least to an order of magnitude or two, though there are certainly 

exceptions.161 Marcus theory predicts the α ≅ 1 2 mentioned above for CPET reactions at 

low driving force (|ΔG∘| ≪ 2λ) and predicts larger or smaller values of αα for uphill or 

downhill reactions. As −ΔG∘ approaches λ, the simple Marcus analysis predicts α → 0 and 

ΔG‡ → 0. When −ΔG∘ exceeds λ, Marcus famously predicted an inverted region, where 

reactions slow with increasing driving force (α < 0). The predictions of very small ΔG‡ have 

been observed for some photoinduced MS-CPET reactions, and some of us have recently 

reported the first example of a PCET reaction in the Marcus inverted region.170 Looking 

forward, we anticipate closer connections between kinetics and thermodynamics, building 

on advances and interactions in experiment and theory.

3.5.2. Asynchrony or Asymmetry of PCET Reactions.—As shown above, PCET 

reagents can have the same BDFE and E∘(V vs H2) with different contributions from 

the ET and PT components. This raises the interesting question: is kCPET affected only 

by the overall ΔG∘
PCET, or is it also influenced by the relative contributions of the 

ET and PT components? A recent computational (DFT) paper by Srnec et al. provided 

evidence that an imbalance between ΔG∘
ET and ΔG∘

PT can give rise to an “asynchronous” 

CPET pathway with a transition state containing more PT or ET character.171 They 

suggested a connection between asynchrony and the long-known “polar effects” in organic 

HAT reactions, for example, that an electrophilic radical will preferentially abstract an 

electron-rich hydrogen.172,173 In addition to this experimental study, several experimental 

papers have invoked asynchronous transfers of the proton and electron to explain the 

apparent sensitivity of CPET rates to how the driving force is changed.92,123,128,174–177 

However, current PCET theory describes these reactions with vibronic states and therefore 

uses the overall ΔG∘
PCET without any simple mechanism to distinguish the PT and ET 

components.4,6 Still, differences in the driving forces for ET vs PT across a series could 

affect the intrinsic barriers for CPET (λ), the quantum-mechanical coupling between 

vibronic states, and the structure and energetics of the precursor and successor complexes. 

For example, Sayfutyarova, Lam, and Hammes-Schiffer found that the base pKa in a series 

of fluorenyl–benzoate reactions affected the rate constant by changing the ground-state 

structure rather than the PCET step.129 Whatever the mechanism by which the overall rate 

constants are affected, if kCPET can be manipulated by changing the balance between PT and 
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ET without changing the overall ΔG∘, that could have implications for synthesis, catalysis, 

and enzyme mechanisms. We anticipate that this will be an active area of PCET research in 

the years to come.

3.6. N2 Fixation and Ammonia Oxidation

The reduction of N2 to NH3 and its reverse, the oxidation of ammonia to N2, are 

persistent challenges in coordination chemistry and homogeneous/heterogeneous catalysis. 

These 6e−/6H+ PCET processes are frequently described in 1e−/1H+ steps (even though 

typically the detailed ET/PT/CPET mechanism is not known). Many studies in this area have 

emphasized the Chatt (or distal) cycle, illustrated for the first homogeneous mononuclear 

N2 reduction catalyst in Scheme 8. This 6e−/6H+ process has many intermediates—Schrock 

and Yandulov isolated eight of the intermediates in Scheme 8.178 While the mechanism in 

Scheme 8 shows stepwise additions of electrons and protons, it seems likely (at least to 

us) that at least some of these steps in catalysis would involve concerted transfers of both 

particles.135 Additionally, although the emphasis of this review is the transfer of equimolar 

amounts of H+/e−, significant effort has been dedicated to understanding reactions that have 

an excess of protons, e.g., N2 to N2H5
+, and we direct the readers to the following references 

for further details.179,180 These basic principles should be general to most mechanisms for 

small-molecule transformations going through multiple PCET processes.

The overall reaction 2NH3 → N2 + 6H• has a free energy per H atom (ΔG∘/n) of 53.5 kcal 

mol−1 in MeCN (Table 13). This value is not an average N–H BDFE because it includes 

the NN triple bond energy. This value does show the BDFE or BDFEeff (see Section 3.3) 

required for an H atom donor to give isoergic conversion of N2 to ammonia. The original 

Schrock catalytic system used CrCp*2 + [lutidinium] [BAr′4] (Ar′ = 3,5-(CF3)2C6H3) as 

the net H atom donor, which has a BDFEeff of 38.2 kcal mol−1 in MeCN.181 The catalysis 

was done in heptane, however, where the acid was insoluble, to minimize reductant/acid 

incompatibility (Section 3.3.2). Taking the MeCN BDFEeff as an estimate, the catalytic 

reaction had an overpotential of |38.2 – 53.5| = 15.3 kcal mol−1 per H atom, or 0.66 

V. Later catalytic reactions used reductants as strong as potassium graphite with strong 

acids such as [(Et2OH)][BArF
4] where the effective BDFE is negative (BDFEeff < −16 

kcal mol−1); i. e., the reducing power of the pair is greater than that of a free H atom 

in solution.135 Recent studies have implicated protonated metallocenes as likely H atom 

donors, such as [CoCp*(Cp*H)]+ (C–H BDFE < 26 kcal mol−1).143 Often these acid/

reduction combinations have competing hydrogen-evolution reaction (HER) pathways (free 

energy per H• of 52 kcal mol−1 in solution, Table 1), hindering the catalytic generation of 

ammonia.

3.6.1. N–H BDFEs of Intermediate Mononuclear Complexes.—There has been a 

burgeoning interest in experimentally assessing the individual N–H BDFEs in complexes 

pertaining to N2 fixation and NH3 oxidation. The N–H BDFEs are a good measure of 

the stability of the intermediates, though imperfect because the steps that include ligand 

substitution and N–N bond cleavage/formation have additional energy terms. While the 

high reactivity of some intermediates can preclude accurate assessment of relevant BDFEs, 

many intermediates’ N–H BDFEs have been estimated experimentally using irreversible 
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electrochemical potentials or through reactivities with acid/reductant combinations or with 

PCET reagents.182–186 In addition, it has proven valuable to benchmark DFT calculations 

against measured BDFEs and then use the same computational approach to determine the 

BDFEs that were not experimentally accessible.183,184,187–190 Having these N–H BDFEs 

has identified at least some of the thermochemical bottlenecks to catalysis. Here, we briefly 

mention some estimated N–H BDFEs in intermediates along the Chatt cycle.

The first H atom addition to a metal–N2 complex forms a diazenido complex MNNH whose 

N–H BDFEs have been studied in molybdenum and iron complexes. The N–H BDFE of 

the molybdenum diazenido complex [N3NHIPT]Mo(N═NH) was found to be 40.9 kcal 

mol−1 from the reduction potential and an estimate of the 1e−-reduced pKa (Figure 9). 

Here and throughout this section, we have adjusted the originally reported BDFE or BDE 

values to use the revised CG’s in Table 1, and in this case the new CG(THF) = 59.9 kcal 

mol−1. The N–H BDFE for the putative diazenido complex P3NFeNNH was indicated to 

be <37 kcal mol−1, in part based on its likely disproportionation to the FeN2 and FeNNH2 

complexes, even at 138 K (Figure 9).191 The PCET reactivity of the analogous P3NFe–

CNHx compounds (and alkylated derivatives) were also examined as models, as they were 

somewhat more stable model compounds.

Metal hydrazido (MNNH2) complexes also appear to have very low N–H BDFEs in 

molybdenum and iron complexes, similar to MNNH compounds. To achieve sufficient 

stability for thermochemical studies, an alkyl substituent can be placed on the distal N. 

Thus, the N–H BDFE of the methylated hydrazido P3
SiFe[NN(Me)–H)] was estimated to be 

around 43 kcal mol−1 with the P3
SiFe[CN(Me)–H] analogue exhibiting a similar N–H bond 

strength of 39 kcal mol−1.191 A series of molybdenum cyclohexylhydrazido complexes, 

[trans-(dppe)2(L)Mo(NN(Cy)–H)]n+ (L = I−, MeCN, or 3,5-CF3C6H3CN; Figure 9C), were 

found to have very weak N–H bonds, 32–39 kcal mol−1. Increasing the π-acidity of the 

ligand trans to the hydrazido ligand increases the N–H bond strength, presumably because it 

makes the Mo center less reducing and the oxidized hydrazido less acidic (see Section 3.4 

above).188

In the Chatt mechanism, 3e−/3H+ reduction of a dinitrogen complex gives 1 equiv of 

ammonia and the formation of a nitrido complex, stabilized by M–N π bonds. Then, 

the PCET additions of H atoms start again, forming metal–imido (M═NH), –amido (M–

NH2), and –ammine (MNH3) complexes. As with the M(N2) complexes above, the first H 

addition to nitride complexes appears to be the most challenging. A number of metal nitride 

compounds with M = Mn, Fe, Re, and Ir have been reduced by H atom donor equivalents 

(e.g., TEMPOH, SmI2/H2O) to give metal amides or ammonia, but the imido analogue 

has not been observed.132,182,183,189 Such observations suggest that the MN–H bonds are 

quite weak. For instance, H atom transfer reagents interconvert the unusual iridium nitride 

complex 3a and its amido congener 6 in Figure 10.132,182,183,189 The lack of observation 

of the presumed intermediate imido complex suggests that it has a weak N–H BDFE 

and dis-proportionates. These properties were rationalized with frontier MO theory, which 

postulated that lower Ir–N covalency and stronger π interactions led to the formation of the 

amido and nitrido complexes, respectively.
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The oxidation of metal amine complexes to amide derivatives is similarly driven by the 

reduction potential of the metal and by more favorable π interactions with the higher valent 

metal center.184,193,194 An example of the latter is the stability of a terpyridine-Mo(II) 

amide following loss of H2 from the Mo(I)-amine, in which the ammonia N–H bond is 

significantly weakened to 40.2 kcal mol−1 upon coordination to the reducing metal center.195 

Similar to the hydrazido complexes above, substituted metal amide complexes (M–RNH) 

feature stronger N–H BDFEs than parent amide complexes (M–NH2). Others have taken 

advantage of larger substituted amide BDFEs to abstract weak C–H bonds using metal imido 

complexes, which can subsequently do a number of transformations, including cyclizations 

and aminations.196–200

A recurring theme in the PCET transformations throughout the Chatt cycle is that removal 

of a hydrogen atom is compensated by increased M–N and N–N bonding, especially π 
bonding.132,182–184,189,193,194 This, together with the oxidation of the low-valent metal, are 

likely the primary origins of the very weak N–H bonds in these molecules. The BDFEs 

listed above (30–45 kcal mol−1) are much weaker than those in organic nitrogen compounds 

such as amines, anilines, hydrazines, and heterocycles (60–95 kcal mol−1; Tables 14 and 

16). The π bonding compensation is found in simple organic compounds as well. For 

instance, the H–CH2CH2
• bond in the ethyl radical is a remarkable 64 kcal mol−1 weaker 

than the similar H–CH2CH3 bond in ethane (Table 19) because the radical forms a C═C 

π bond upon H atom loss. This effect is also closely related to the coordination-induced 

bond weakening described in Section 3.4, though that was rationalized in part with changes 

in metal–ligand σ bonding. The very exergonic disproportionation of the ethyl radical to 

ethylene and ethane is an extreme example of PCET potential inversion—the second bond 

is weaker than the first—discussed in the Section on biological electron bifurcation (Section 

3.7.2 below). The authors of this review hope that readers will see many examples of such 

cross-fertilization in PCET chemistry that discoveries in one area have unexpected value in a 

different area.

3.7. Selected Biological Systems

Investigations of PCET in protein systems are older than the term “PCET” itself. The “old 

yellow enzyme”, a flavin-containing protein, was discovered in the 1930s and was known 

to carry out proton-coupled redox reactions by the late 1960s.201 Investigations of the 

chemistry of cytochrome P450s started in the 1940s and 1950s.202 The photosynthetic Kok 

cycle for water oxidation emerged in the 1970s.203 As illustrated in the tables below, the 

PCET chemistry of amino acid side chains and organic cofactors has long been studied, 

especially tyrosine, tryptophan and cysteine, quinones, flavins, and nicotinamides. Studies 

of these and other biochemical systems, including metalloenzymes, have provided a primary 

motivation for the PCET field.6,8,204–208

3.7.1. Metalloprotein Active Sites.—Biochemical PCET reactions can be especially 

complex because of the presence of many acid/base groups and interfacial effects, for 

instance, at lipid bilayers. This can lead to fractional numbers of protons being transferred 

with the transfer of an integer number of electrons. This is exemplified by the metalloprotein 

charge ladders investigated by Shaw and co-workers.209–211 These charge ladders connect 
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the change in charge of an entire protein (ΔZ) with redox change at the active site. In small 

metalloproteins such as azurin, cytochrome c, and myoglobin, a one-electron transfer event 

at the embedded metal ion induces changes in ΔZ that are not equal to 1. For example, 

reduction of the Cu(II) ion in azurin results in ΔZ = −0.51, rather than −1.210 The level 

of charge regulation upon ET is associated with pKa changes, and thus protonation state 

changes, at amino acids both near and far from the metal ion via thermodynamic coupling 

(Section 3.2.1). In the case of copper–zinc superoxide dismutase, charge regulation is nearly 

perfect (ΔZ ≅ 0), which was attributed to proton transfer at the active site.209 Related 

information can be obtained from the pH dependence of the active site reduction potential. 

From a biological PCET perspective, we hope that these types of measurement become more 

common.

A pathbreaking example of elucidating enzymatic PCET thermochemistry is the 

determination of the redox and acid–base properties of highly reactive intermediates in the 

catalytic cycle of cytochrome P450 enzymes by Green and co-workers.212,213 Understanding 

the thermochemical landscape of P450s is very important because these enzymes are 

the primary processors of xenobiotics in many organisms including humans, and their 

reactivity depends on this landscape. This is a very challenging task because of the 

high reactivity and transient nature of the key intermediates, the so-called compound I 

oxidant O═FeIVporphyin•+ and its one-electron reduced compound II. The ability of these 

enzymes to abstract hydrogen atoms from strong C–H bonds was confusing for many years, 

given the very high outer-sphere oxidation potentials of the hydrocarbon substrates. Green 

demonstrated that reduction of compound I is a PCET or H atom transfer process, wherein 

the ferryl (Fe═O) is converted to a one-electron-reduced iron hydroxide Fe–OH. They have 

experimentally developed a double square scheme for this highly reactive system, including 

the pH-dependent E∘, BDFE, and pKa of compounds I and II (Figure 11), and connected the 

thermochemistry with enzymatic reactivity.

3.7.2. Electron Bifurcation.—A fascinating and increasingly recognized area of 

bioenergetics is the ability of organisms to “bump up” the oxidizing or reducing power 

of their feedstocks using a process known as electron bifurcation (EB).214–221 Enzyme 

complexes that perform EB take advantage of “two-electron” redox cofactors such as 

quinones or flavins, which serve as the bifurcating site and direct participating electrons 

down either a low-potential (highly reducing) or high-potential (less reducing) branch of 

acceptors. The redox coupling between these two branches is ultimately what enables the 

negative free energy change of an exergonic redox reaction to drive a redox reaction that 

is ostensibly endergonic. Discussions of EB often highlight only the electron transfer steps, 

but the central role of quinones and flavins in biological EB raises interesting questions 

regarding the role of PCET in this process.

EB depends on a bifurcating site that can effectively mediate transfers of both one and two 

electrons. The familiar two-electron redox chemistry of quinones and flavins in protic media 

is a result of the inversion of their reduction potentials, a counterintuitive scenario in which 

the first reduction is more difficult (occurs at a more negative potential) than the second. 

In other words, the cofactor reduced by one electron—or, more commonly, one electron 
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and one proton—is less stable than both the unreduced and doubly reduced cofactors. Such 

potential inversion is discussed in more detail at the end of this section.

Figure 12 illustrates how potential inversion of the cofactor in the bifurcating site can be 

used to accomplish EB. Beginning with the bifurcating site in its doubly reduced state 

(i.e., hydroquinone), Step 1 involves one-electron oxidation by a high-potential acceptor to 

transiently generate the unstable, singly reduced cofactor. The unusually negative reduction 

potential of this species (resulting from potential inversion) enables, in Step 2, a subsequent 

exergonic electron transfer to a low-potential acceptor. Notably, the reduction potential of 

the low-potential acceptor may be more negative than the average two-electron reduction 

potential of the bifurcating site. The overall EB process can be described as an “oxidatively-

triggered reduction”, provided that adequate gating prevents both electrons of the reduced 

bifurcating site from transferring to high-potential acceptors.

EB was originally proposed by Peter Mitchell to explain a curious observation in the 

bc1 complex of the mitochondrial electron transport chain: treatment of mitochondrial 

suspensions with the oxidant ferricyanide resulted in reduction of a low-potential heme 

center.214 It is now understood that this process, known as the Q cycle, involves redox 

cycling between the hydroquinone and quinone forms of coenzyme Q (Figure 13). 

Ubiquinol (hydroquinone form, H2Q) reacts at the Qo bifurcation site, sending its two 

electrons down two separate acceptor chains (Figure 13B). The first electron participates 

in H atom transfer to a histidine-ligated Rieske FeS cluster and subsequently reduces 

cytochrome c1 and cytochrome c; ubiquinol is thus oxidized to the semiquinone radical 

HQ•, which is a powerful reductant due to inverted reduction potentials. The second electron 

transfers when HQ• reduces hemes bL and bH, likely by multiple-site PCET (Section 3.3). 

The semiquinone reduces the series of b hemes even though they have reduction potentials 

more negative than that of the average 2e−/2H+ couple of the original hydroquinone. The 

terminal b heme ultimately rereduces ubiquinone to ubiquinol and translocates protons 

across the membrane, thereby generating proton motive force for ATP synthesis.

In 2008, Buckel and Thauer greatly expanded the scope of EB by proposing that this process 

also occurs in anaerobic microorganisms, this time using flavins (another PCET reagent) 

as the bifurcating cofactor.215,217,223–225 Flavin-based EB was proposed to explain how, 

for example, methanogens generate highly reducing ferredoxins (E ≈ −500 mV) despite 

having access only to H2 as an electron donor (E = −414 mV at pH 7). Based on the 

crystal structure of a methanogenic flavin-containing EB enzyme complex, it was proposed 

that hydrogen-bonding interactions between a lysine residue and various redox states of 

the flavin cofactor modulate the reduction potential of the flavin semiquinone radical.226 

Numerous questions remain about how this and other flavin-based EB enzyme complexes 

orchestrate two full cycles of EB per equivalent of reduced ferredoxin generated, as well as 

how the flavin cofactor is initially reduced.227,228 Another intriguing example of a possible 

EB system is that of the molybdoenzyme arsenite oxidase, which may use the 2e−/2H+ cycle 

between Mo(VI)-dioxo and Mo(IV)-oxo states as the active site of bifurcation.229

Ostensibly endergonic electron transfer in EB is thought to be enabled by the inversion 

of reduction potentials, a counterintuitive scenario in which reduction of a molecule by 
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the first electron is more difficult than reduction by the second electron. Although it 

has been suggested that inverted reduction potentials may not be a strict requirement 

for EB cofactors,221 all known examples of biological EB take advantage of inversion. 

Potential inversion is rare for pure ET cofactors and typically requires a significant structural 

change.230 However, potential inversion is the norm for PCET reagents. For instance, while 

quinone dianion Q2− is a much stronger reductant than the monoanion Q•− (reduction 

potentials in the normal order), hydroquinone H2Q is a weaker reductant than semiquinone 

HQ• (inverted reduction potentials). Using BDFEs or E∘(vs H2) as measures of reducing 

power for this PCET reagent, HQ• has a 22 kcal mol−1 weaker O–H BDFE than H2Q(a 

difference of almost 1 V in E∘) ( Table 8). An extreme case of such inversion is the removal 

of two H atoms from ethane to make ethylene, which is discussed at the end of Section 

3.6.1. In this case, the second C–H bond is 64 kcal mol−1 weaker than the first one (Table 

19). In the context of EB, it seems reasonable that the larger the inversion, the larger the 

possible “bump up” in potential.

A question that lies at the heart of any EB system like the Q cycle is what “gates” electron 

transfer, such that the second electron traverses the endergonic path rather than following the 

first electron down the exergonic path or short circuiting the cycle to form unwanted reactive 

radicals. Gating is thought to be accomplished by tightly regulating the concentrations, 

redox states, and binding of all of the cofactors involved. However, any discussion of PCET 

reactions must also consider the associated proton transfers. This begs the question, raised 

many years ago, whether PCET chemistry offers a key mechanism to gate EB.222,231 In 

the case of the Q cycle, it is believed that the initial hydroquinone forms a hydrogen bond 

with a nearby histidine,232 while the transient semiquinone radical can be deprotonated by 

a glutamate residue.231 Mutagenesis experiments have demonstrated the importance of this 

glutamate in determining the extent of EB short circuiting.233 PCET seems to play a critical 

role in EB in the Q cycle.

Based on this discussion, it seems likely to us that PCET and PCET cofactors will be found 

to be central to most biological EB. We believe that it is not a coincidence that the three 

classes of EB enzymes discussed above all involve PCET processes. Likely, nature requires 

PCET reagents to generate the potential inversion that enables EB. Biology also likely 

utilizes the proton transfer component of the PCET reactions as one of the mechanisms of 

gating, of directing redox flow to one pathway or another.

3.8. Materials Interfaces

An important emerging area in PCET thermochemistry is the measurement of hydrogen 

adsorption energies at solution/material interfaces. These may involve surface X–H bonds, 

intercalation of H into the bulk, and perhaps cases in between. For hydrogen on surfaces, the 

main topic of the discussion below, the free energy of adsorption is commonly defined as the 

free energy of 1 2H2 or H• addition. These values are equivalent to E∘(V vs H2) and BDFE, 

respectively.

Hydrogen is ubiquitous in and on materials. Intercalation of H into metals is known to cause 

embrittlement and other changes in properties.234 Hydrogen (H+ + e−) is also an impurity 
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in many semiconductor materials and is a common n-dopant in metal oxides.235–237 

Pseudocapacitance, for instance with RuO2, is usually ascribed to surface and near-surface 

H adsorption.238–241 Transfers of hydrogen are central in many areas of heterogeneous 

catalysis and electrocatalysis, from hydrogenations of organic molecules to the hydrogen 

evolution reaction. Such processes are often analyzed using “scaling-relationship” and 

“volcano plot” approaches that frequently utilize the hydrogen adsorption free energy 

(equivalent to E∘(V vs H2)) as a thermochemical predictor.242–246 Given all of these 

applications, understanding the thermochemistry of H2 adsorption on materials is, and will 

be, an important topic.

The thermochemistry of gas-phase H2 addition to clean metal surfaces has been extensively 

examined by the surface science community. Studies using well-defined single crystals, 

epitaxially grown substrates, and nanoparticles under high-vacuum conditions have 

enabled measurements of surface–H bond enthalpies, with some measurements of free 

energies.247–249 The PCET thermochemistry of noble or less active metals can also 

be amenable to study in solution using electrochemical techniques (Section 3.8.1). For 

other materials, however, experimental measurements of hydrogen adsorption energies 

at solution interfaces have largely been inaccessible. Instead, these materials have been 

examined primarily by computations, usually assuming ideal stoichiometries and crystalline 

structures.243,244,246,250,251

This section shows how the thermochemical approaches developed in Section 2 can be 

adapted to measure PCET energies for material interfaces. An excellent introduction to these 

connections was recently presented by Jackson and co-workers in Figure 14, as part of their 

studies of well-defined active sites on graphitic carbon electrodes (Section 3.8.3 and Figure 

14B).252 The close relationship between BDFEs and E∘(V vs H2) emphasized above (eq 

18) provides a close connection between the molecular picture (Figure 14A) and interfacial 

electrochemistry such as proton and electron addition to platinum (Figure 14C). The selected 

experimental studies described below illustrate these analogies, and they reveal important 

differences between the PCET thermochemistry of molecular systems and that of material 

interfaces.

3.8.1. Volmer Reaction.—The electrosorption of a proton to a surface is known as 

the Volmer reaction (Figure 14C).253 This phenomenon has been well-studied on platinum 

surfaces and, in particular, the flat and symmetric (111) facet. Pt(111) single-crystal 

surfaces in contact with noninteracting aqueous electrolytes show characteristic cyclic 

voltammograms between the onsets of hydrogen and oxygen evolution catalysis (Figure 

15).254 The reversible Faradaic feature at more positive potentials corresponds to the 

formation of “underpotential deposited hydrogen” (Hupd), so-called because this deposition 

occurs at potentials “under” (less reducing than) that needed to produce H2 (RHE). Full 

coverage of Hupd on Pt(111) is commonly taken to be close to one H for every surface 

Pt atom.255–257 These Hupd sites are distinct in both free energy and structure from 

the “overpotential deposited hydrogen” atoms that are active for the hydrogen evolution 

reaction.258 The electrochemical response for Hupd on Pt(111) moves ~59 mV per unit 

pH change, exactly as expected for a molecular ne−/nH+ PCET reaction. This ~59 mV, or 

Nernstian, shift is important because it means that the potentials to deposit Hupd are constant 
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versus RHE (eqs 19, 20), and they can be extrapolated to give E∘ (V vs H2) at the standard 

state.

The E∘(V vs H2) for the Volmer reaction can be converted to an average BDFE, or 

hydrogen adsorption free energy, using eq 18. Analyses of hydrogen electrosorption have 

previously explored the magnitude and distribution of surface adsorption free energies for 

polycrystalline and single-crystal noble metal electrodes.259–263 For Pt(111), the midpoint of 

the Hupd wave of ~0.1 V vs RHE in aqueous media corresponds to an average BDFE of 55 ± 

2 kcal mol−1. This value is slightly larger than the free energy to form H• in water from H2 

gas (Table 1)—as it must be because it is underpotential is deposited. We will return to these 

data in Section 3.8.4, to analyze the width of the Hupd wave.

3.8.2. Pourbaix Diagrams for Metal Oxide Materials.—The thermochemistry of 

bulk metal oxides and hydroxides has long been studied because of the importance of 

these materials and minerals. From our PCET perspective, a landmark in these studies is 

the Atlas of Electrochemical Equilibria in Aqueous Solutions by Marcel Pourbaix, first 

published in 1963.265 His diagrams, such as Figure 16 here and Figure 6 above, have 

proven to be a very valuable way to summarize a lot of thermochemical information. While 

Pourbaix’s career was primarily in corrosion science, the motivation for his original diagram 

(1938) was catalysis.266 The diagrams, known as pE/pH plots,267 are now used in many 

fields including aqueous coordination chemistry and geochemistry, and they have been 

conceptually extended to nonaqueous solvents.103

Pourbaix diagrams are preponderance diagrams, essentially a map of the most 

thermodynamically stable (preponderant) species in each E/pH region. One of the diagrams 

for copper from the Atlas is shown in Figure 16 (some Pourbaix diagrams have been 

updated since 1963, so readers should check the current literature). The four most important 

species are copper metal (Cu, at the bottom, the most stable copper species under reducing 

conditions), solid Cu2O in the middle, and the top portion of the diagram divided between 

aqueous Cu2+ (in acidic, low pH conditions at the left) and solid Cu(OH)2 in the upper 

middle. [A separate but quite similar diagram in the Atlas involves CuO instead of Cu(OH)2; 

for this discussion we ignore the soluble CuII species at high pH and the soluble Cu+.] 

Each of the solid lines divides regions where different materials predominate. Lines (7) and 

(9) in the center of the diagram, for instance, separate Cu, Cu2O, and Cu(OH)2, according 

to eqs 27 and 28. The slopes of these lines is −59 mV/pH, following the Nernst equation 

for these equations and the equal numbers of protons and electrons. These diagrams show 

pH-independent processes as horizontal lines and nonredox protonation equilibria as vertical 

lines. Thus, these diagrams capture the full PCET thermochemistry of stable species as a 

function of pH and potential, including both materials and soluble species.

2Cu(OH)2 + 2e− + 2H+ Cu2O + 3H2O line(9) (27)

Cu2O + 2e− + 2H+ 2Cu + H2O line(7) (28)

Agarwal et al. Page 31

Chem Rev. Author manuscript; available in PMC 2022 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The encyclopedic detail of Pourbaix diagrams for bulk metal oxides has, so far, not 

been achievable for thin-film and nanoscale versions of the same minerals where 

material structures and stoichiometries are less well-defined. Nevertheless, electrochemical 

measurements of 1e−/1H+ couples for semiconducting and conducting metal oxide 

(nano)materials, similar to those shown in eqs 27 and 28, have been an important method for 

understanding their PCET thermochemistry.

Nickel oxide is a widely used p-type semiconductor. Aqueous voltammetry of calcined NiO 

thin films typically shows one or two well-defined Faradaic waves that have a Nernstian 

shift with pH (Figure 17A).268,269 These waves are usually interpreted as the PCET 

oxidations of Ni(OH)2, a hydrated form of nickel oxide at the surface (eqs 29 and 30; 

characterization of the “NiIV” material is a matter of some debate). Similar to Hupd on 

Pt(111), extrapolating the E1/2 values of the CV waves to pH = 0 in Figure 17A should 

give good estimates of the E∘(V vs H2) and related BDFE values for these two processes. 

To test this analogy, electrodes were charged to the NiIII(O)(OH) and NiII(OH)2 forms 

and separately reacted with substoichiometric amounts of either 2,4,6-tBu3PhOH or its 

corresponding phenoxyl radical (Scheme 9).264 Reactions did not go to completion in either 

case, suggesting the formation of an equilibrium state. The BDFE of 2,4,6-tBu3PhOH is 

75.5 kcal mol−1, very close to that determined electrochemically for NiII(OH)2, thereby 

confirming that E∘(V vs H2) and the related BDFE can be determined for metal oxide 

materials that show Faradaic waves with Nernstian pH shifts.264

NiIII(O)(OH) + e− + H+ Ni(OH)2

E∘ V vs H2 = 0.99 ± 0.03 V;

BDFE = 75.6 ± 1.0 kcal mol−1

(29)

“NiIVO2” + e− + H+ Ni(O)(OH)2

E∘ V vs H2 = 1.36 ± 0.02 V;

BDFE = 84.2 ± 1.0 kcal mol−1

(30)

Many other materials show Nernstian shifts of their potentials with pH.270–274 One 

remarkable example is the demonstration by Lyon and Hupp that the conduction band of 

TiO2 films shifts 64 mV per factor of 10 in solution proton activity, over a range of more 

than 1025 (Figure 17B).275 Hupp et al. concluded that, for TiO2, SnO2, and ZnO, proton 

uptake accompanied electron addition to the material; in other words, these were PCET 

processes.275,276 A similar ~60 mV shift per pH unit was observed for equilibration of 

colloidal TiO2 nanoparticles with solution redox reagents,277,278 which can be extrapolated 

to an E∘(V vs H2) of −0.16 ± 0.03 V (Figure 17C),278 close to Lyons and Hupp’s value 

for TiO2 films. By analogy with the molecular thermochemistry in Section 2 and the NiO 

electrode study above, it seems likely that these E∘(V vs H2) potentials are best assigned 

1e−/1H+ processes with a TiO–H BDFE of 49 kcal mol−1.278
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Overall, many materials at aqueous interfaces show a roughly 59 mV/pH unit dependence 

of their electrochemical response, including metals, oxides, chalcogenides, and pnictides, at 

least in some forms and solution conditions.279 In the context of this review, we suggest 

that all of these measurements can be used to determine E∘(V vs H2) and surface–H BDFE 

values.

3.8.3. Square Scheme Approach.—The square scheme is a key tool for defining 

the PCET thermochemistry of molecules. This scheme describes the relationship between 

the proton and electron transfer free energies and that of the overall net hydrogen transfer 

reaction (Scheme 1). For molecules, the thermochemistry of the ET and PT steps can 

be simpler to measure than that of the overall reaction. However, in electrochemical 

measurements of many material interfaces, this paradigm is flipped due to strongly coupled 

ET and the difficulty of structurally characterizing surface acid/base sites. Seminal work 

by White and co-workers utilized self-assembled monolayers on noble metal electrodes to 

create well-defined carboxylic acid sites. The deprotonation of these sites could be driven 

by the potentiostat and used to measure the pK1/2 of these sites.280 More recently, Jackson 

and co-workers have extended this concept to well-defined active sites on graphitic carbon 

electrodes and defined a partial square scheme (Figure 18).252

The molecularly well-defined active sites, formed using conjugated aromatic pyrazine 

linkages with varying acid/base sites, were examined electrochemically as a function of 

pH (Figure 18A).252 All of these graphite-conjugated catalysts (GCCs) exhibit a clear wave 

in their CVs and a Nernstian shift with pH. Based on these data and previous studies, the 

Faradaic features were ascribed to protonation/deprotonation of the acid/base group on the 

pyrazine linkage coupled to electron transfer from the external circuit, and E∘(V vs H2) and 

BDFE values were determined. This is perhaps surprising because conductive electrodes 

typically do not show such well-defined waves and because protonation of a carboxylate is 

not normally considered as coupled to electron transfer. We encourage interested readers to 

read the original papers which discuss the unique features of these systems.252,281,282

The CV waves of these GCCs surprisingly also show a Nernstian shift with the pKa of 

the solution-phase pyrazine analogue.252 These data revealed that the free energy for PT 

in the overall PCET step is well described by the pKa of the surface acid/base group 

(the carboxylic acid/carboxylate in Figure 18B). With the free energies for the overall 

PCET reaction and proton transfer component in hand, the free energy for electron transfer 

could also be calculated. Jackson et al. suggested that this ET free energy is defined by 

the potential of zero free charge (EPZFC) and can be used to complete a square scheme 

analogous to those described molecules (Figure 18B). The EPZFC is traditionally connected 

to the work function of a material and is generally considered to be extremely sensitive 

to surface structure.283 The possibility of connections between work functions, PCET at 

materials, and square schemes for molecules is exciting, and we look forward to future 

studies.

3.8.4. Surface Coverage, Heterogeneity, Adsorbate Interactions, and 
Isotherms.—While the above sections have developed many analogies between the PCET 

thermochemistry of interfaces and molecular systems, there are a number of key differences. 
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Among the most significant are the contributions of surface heterogeneity and adsorbate 

interactions. In a molecular system, every molecule of a particular compound is by definition 

the same, with the same BDFE. However, surfaces essentially always have a distribution of 

sites and BDFEs. This is due to steps, edges, and other irregularities on a clean surface and 

to the presence of impurity atoms or nonstoichiometry at the surface, in other words intrinsic 

and extrinsic defects. Even a perfectly well-ordered, clean surface has a range of BDFEs 

because the adsorbates interact with each other. For example, the first Hupd atoms deposit on 

a clean Pt(111) surface at ca. +0.25 V vs RHE (Section 3.8.1), and they continue to deposit 

as the potential scans lower to values negative of RHE.256,257 A normal Faradaic feature 

in the CV should be roughly Gaussian with a full-width half-maximum of 90.6 mV.284,285 

The >250 mV range of potentials to form a monolayer of Hupd is, therefore, indicative of 

interactions between surface–H species.

Our group recently explored the relationship between BDFE and surface coverage for 

colloidal cerium oxide nanoparticles (OLE-Ce).286 These nanoparticles were capped with 

oleate ligands and studied mostly in THF solution. Cerium oxide is a mixed-valence Ce4+/

Ce3+ oxide. When a hydrogen atom is added, one Ce4+ is reduced to Ce3+, and one oxide is 

protonated to form a surface hydroxide (analogous to NiIIIOOH + H• → NiII(OH)2, Scheme 

9 above). The reverse reaction defines the BDFE to remove H• from the material (Figure 

19A).

BDFEs of OLE-Ce were measured by equilibrating the nanoparticles with hydroquinones 

and quinones. Organic substrates were found to reduce surface O or oxidize surface O–H 

groups on OLE-Ce. Monitoring reactions by both 1H NMR (organic products) and X-ray 

absorption (Ce3+/Ce4+ ratio) spectroscopies demonstrated that OLE-Ce reached equilibrium 

states with multiple PCET reagents (Figure 19B). At equilibrium, the hydrogen atom 

affinities of OLE-Ce and the PCET reagent are equal, and the average redox state of OLE-

Ce (% Ce3+) is stable. As a result, each equilibrium state provides a direct measure of the 

average surface O–H BDFE of OLE-Ce (BDFECe) at the equilibrium % Ce3+. Remarkably, 

BDFECe for the same batch of OLE-Ce varied by 13 kcal mol−1 (0.56 eV), depending on 

the % Ce3+ (Figure 19C). The magnitude of this effect is consistent across different sizes of 

OLE-Ce, suggesting that it is general to cerium oxide surfaces.

The range of BDFEs for OLE-Ce contrasts with the PCET thermochemistry of molecular 

reagents. When every molecule is the same, the thermochemical ability of an ensemble of 

molecules to donate H• depends only on the ratio of oxidized and reduced species, according 

to a modified version of the Nernst equation (eq 31). This is analogous to the acidity of a 

buffer solution varying with the ratio of the components. Application of eq 31 to OLE-Ce 

would predict a range in BDFEs of only 0.6 kcal mol−1 for the observed change in % Ce3+, 

one twentieth of the 13 kcal mol−1 range observed. A breakdown in this molecular analogy 

is not surprising, as the surface structure of OLE-Ce is not well-defined with ligands and 

multiple bonding environments between cerium and oxygen.
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BDFEadj XHn = BDFE XHn − 1.364 kcal mol−1

n

log XHn
[X]

(31)

In the limiting case of identical surface sites and no significant interaction between the 

surface H’s, the free energy of binding will follow a Langmuir isotherm,253 which simply 

reflects Le Chatelier’s principle or the law of mass action. This isotherm is effectively 

equivalent to the Nernst equation (eq 31), and BDFECe
∘ is defined at θ = 0.5 (eq 32). Since 

the Langmuir isotherm does not describe the very large range of BDFEs for OLE-Ce, a 

different “ΔG∘” was defined for each colloid particle sample, depending on its % Ce3+. 

These data could also be fit by adding a linear correction term, Cθ, to eq 32 (eq 33). 

This relationship is called a Frumkin isotherm, and it provides a first-order correction to 

interactions between surface adsorbates and/or surface heterogeneity which cause deviations 

from Langmuirian behavior.

BDFECe = BDFECe
o − 1.364 × log θ

(1 − θ) (32)

BDFECe = BDFECe
o − 1.364 × log θ

1 − θ + C(θ − 0.5) (33)

The isotherm formalism has also been used to analyze the width of the CV for UPD 

hydrogen on platinum surfaces, such as the ~250 mV UPD peak for Pt(111) (Figure 

15).262,263 As discussed above, this is broader than that predicted for a Nernstian adsorption 

following a Langmuir isotherm: full-width half-maximum = 90.6 mV.284,285 The difference 

between the observed and ideal widths suggests a spread of ca. 4 kcal mol−1 (170 meV) in 

the Pt–H BDFEs through the UPD wave (or a Frumkin correction of that magnitude).

We hope that this section shows the power and the complexities of applying molecular 

PCET thermochemical approaches to the study of materials and solution/solid interfaces. As 

with molecules, the PCET thermochemistry of materials is a key property and predictive 

of reactivity. Furthermore, the descriptions and effective equivalence of the potential of 

hydrogenation and BDFE, derived in Section 2, are similarly applicable to materials and 

enable comparisons between electrochemical and thermochemical perspectives (1 eV = 

23.06 kcal mol−1; 1 kcal mol−1 = 43.36 meV). Unlike molecules, however, materials 

have complex surfaces that present a multitude of sites, either identical or different. We 

speculate, based on a few examples, that this multiplicity will often lead to a range of PCET 

thermochemistry for a single material surface. Such a range of thermochemistry may prove 

to be fundamental to the catalytic and other properties of the interface.286

3.9. Summary of Insights and Emerging Areas

Building on the thermochemical framework developed in Section 2, Sections 3.1–3.4 discuss 

several insights which can be derived from mining data in the tables (Section 4.2). These 
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insights about PCET reagents are then shown to be critical to understand a wide range of 

PCET topics: kinetics, N2 reduction, biological PCET, and PCET at materials (Sections 3.5–

3.8). Connections across these different fields are broadly enabled by the ability to measure 

the free energies of H binding electrochemically or chemically and the essential equivalence 

of E∘(V vs H2) and BDFEs. The interdisciplinary nature of this discussion emphasizes the 

critical importance and centrality of PCET thermochemistry to research across a range of 

fields.

4. GUIDE TO THE THERMOCHEMICAL TABLES

In Tables 5–24, thermochemical values are presented for numerous classes of PCET reagents 

including biologically relevant phenols and nicotinamides, transition metal complexes, and 

ne−/nH+ processes for quinones and small molecules such as N2, O2, and CO2 (Table 4). The 

importance of these reagent classes to the PCET field is largely discussed in our previous 

review.3 Although those values have been systematically adjusted to account for previous 

errors in our derivation of thermochemical constants, the discussion sections in that review 

remain relevant.3 In the decade since that review was prepared, there have been many 

improvements in the standard of measurement methods and in the range of data for PCET 

thermochemistry, as interest in the topic has grown. In light of these advances, values from 

our previous review which used approximations, such as peak potentials from irreversible 

electrochemical couples, are generally not recalculated here, in order to maintain a higher 

standard of data. Nevertheless, we acknowledge that in some cases better methods still do 

not exist, such as for the measurement of C–H bonds (Table 19) and N–H bonds in aliphatic 

compounds (Table 14). In those cases, we include values that do not meet the general 

standard with associated footnotes to alert the reader. Over the past decade, the field of 

PCET has also begun to focus more strongly on answering fundamental questions related to 

the development of clean energy technologies. In response to this interest, we have added 

tables on the PCET thermochemistry of O2, N2, and CO2 reduction. All values reported in 

the tables were determined by experiment.

The Tables for each reagent class include both the E∘(V vs H2) and BDFE values, which 

are related via ΔG∘
f(H•

(solv)) (eq 18). In most cases, these values are derived by combining 

values from Table 1 with measurements of BDEs (eq 9), or combinations of pKa values 

and one-electron reduction potentials (often measured as E1/2 of reversible waves and 

taken as E∘ values) (Scheme 2 and eq 10). Individual E∘ and pKa values are provided in 

the Tables below when used to derive the overall free energy of the process. For all 1e− 

reduction potentials originally reported versus SCE, we use known conversions to switch the 

reference to Cp2Fe+/0.287,288 References are provided when values are derived from BDEs. 

For multivalent reagents or reactions, – FE∘ (V vs H2) and BDFE give the average free 

energy of the processes per 1 2H2 or H atom transferred. In all cases, values in the Tables 

are presented with an associated literature reference or a footnote explaining their origin. 

Values presented in square brackets were calculated from other values in the same row of 

the Table using Hess’s law. The phase or solvent of the species in each row is denoted by 

the column labeled “solvent”, with the exceptions of gases and when otherwise specified in 

the stated reaction. H2 and other gases (O2, N2, CO2, CO, etc.) are always considered to be 
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in the gas-phase at the 1 atm, 298 K standard state. The details of these standard states are 

emphasized here because that information is key to properly understanding the values below. 

We strongly urge all authors reporting thermochemical values to clearly report the standard 

states for all reagents in the reactions they examine.

Several calculations applied in the Tables warrant additional comment. In particular, we 

report the unusual calculation of gas-phase values for E∘(V vs H2). Although there is, of 

course, no electrochemical potential in the gas-phase, this value is still thermochemically 

robust since E∘(V vs H2) just describes the average free energy for the addition of H2, eq 

5. As a result, the conversion between BDFE and E∘(V vs H2) described in eq 18 simply 

changes the overall reaction from the transfer of H• to that of H2. Application of this method 

is powerful, as it allows for a direct comparison E∘(V vs H2) values measured in the gas- and 

solution-phase. Such comparisons are discussed in Section 3.1.1.

For multivalent PCET processes, such as the 2e−/2H+ oxidation of hydroquinones to 

quinones in Table 7, the BDFEavg values are the average of the distinct BDFEs. For 

organic reagents, the first BDFE in XH2 is almost always stronger and describes the free 

energy to form HX• + H•, e.g., the semiquinone HQ• (reference289 reports a very rare 

exception). Conversion of HX• to the stable X product (semiquinone to quinone) is generally 

more favorable and therefore has a lower BDFE, Table 8. This is an inversion w 1e−/1H+ 

oxidation (or reduction) is easier than the first (see Section 3.7.2 above). .

For multielectron processes in which X–H and other X–E bonds are made or broken, 

average free energies (−ΔG∘/n) values are given in place of BDFEs. For example, in Table 

21 thermochemical values for the reduction of CO2 to CO and H2O are presented. For this 

reaction, and others like it, − ΔG∘/n defines the average free energy of the reverse reaction 

which involves breaking water O–H bonds and forming a C = O bond. Similar to a BDFE, 

− ΔG∘/n provides a meaningful gauge of the strength of H atom abstractors required to, 

thermodynamically, drive these reactions.

4.1. Estimated Uncertainties

The thermochemical data given here come from a wide variety of sources and are derived 

from a variety of different measurements. It is beyond the scope of this review to provide 

error analyses for each value presented. Instead, we encourage interested readers to critically 

examine the primary literature because uncertainties can vary depending on the method of 

measurement.

Cited values are reported per the original literature, but many values in the Tables are 

calculated from others. For these calculated values, determination of the correct number of 

significant figures is complicated by differences in units and measurement methods between 

input values. As a result, we have decided to typically report all BDFEs to one decimal place 

and all E∘ (V vs H2) values to three decimal places to eliminate ambiguity due to rounding. 

Only in clear cases have we reduced the number of significant figures.

While evaluation of uncertainties can be complex, we have striven to simplify this process 

by citing values that involve a minimal number of assumptions and including footnotes 
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when values deviate from that standard. As a general guideline, absolute uncertainties in 

BDFEs are in most cases ±1 kcal mol−1 (equivalent to ±40 mV for E∘(V vs H2) for values 

determined from a BDFE). However, uncertainties of twice that value are more appropriate 

for some entries. Relative uncertainties can be much smaller because a significant proportion 

of the overall error is attributed to the various constants used to calculate values from 

available literature data.

4.2. Thermochemical Tables

The thermochemical tables are shown in Tables 5–24.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Roberts and Bullock’s schematic of the four-electrode cell configuration used for H2 open-

circuit potential (OCP) measurements. The analyte solution consists of an acid:base:H2 

mixture of known composition. The Ag/AgCl pseudoreference is calibrated to Cp2Fe+/0 

after determination of the OCP. Potentiostat and potentiometer are shown as separate devices 

to illustrate the principle of the measurement. Reprinted with permission from ref 57. 

Copyright 2013 American Chemical Society.
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Figure 2. 
(A) Dependence of reaction overpotential on the mole fraction of H2O in a [(DMF)H]NTf2–

H2O ionic liquid, where overpotential is the difference between Ecat/2 and E(H+/H2) under 

the reaction conditions. (B) The dependence of proton diffusion constant for two different 

ionic liquids (red or blue dots) and of catalytic current for 1-C6 in [(DBF)H]NTf2–H2O 

(green squares) on the mole fraction of H2O. (C) Structures of the nickel catalysts used and 

their R groups of varying steric bulk. (D) Relationship between the logarithms of boat-chair 

isomerization rate and turnover frequency. (A) and (B) are reprinted with permission from 

ref 70. Copyright 2014 Royal Society of Chemistry. (C) and (D) are reprinted (adapted) with 

permission from ref 73. Copyright 2016 Wiley.
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Figure 3. 
Free energy surface of the square scheme for a PCET reagent XH, showing the concerted 

proton–electron transfer (CPET) pathway and the stepwise paths (ET/PT and PT/ET). Each 

arrow is drawn over the barrier for the respective step.
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Figure 4. 
Imidazole and other complexes with an acid/base group removed from the redox-active 

metal center. (A) Square scheme for a ruthenium–imidazole complex showing the 0.36 V 

increase in the reduction potential upon protonation. Reprinted (adapted) with permission 

from ref 82. Copyright 2007 American Chemical Society. (B) Square scheme for a di-iron 

disulfido–benzimidazole complex showing a 0.240 V increase upon protonation. Reprinted 

with permission from ref 83. Copyright 2017 American Chemical Society. BDFEs in A 

and B were updated to reflect the new CG(MeCN) value. (C) An iron–protoporphyrin-IX 
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complex that shifts 20 mV upon protonation at the carboxylate. Reprinted with permission 

from ref 86. Copyright 2011 American Chemical Society. (D) Drawing of the structure of 

the Fe(III) complex with two doubly deprotonated bis(imidazolyl)pyridine ligands, [Fe(1–

2H)2]−.84,85 Reprinted with permission from ref 84. Copyright 1998 Royal Society of 

Chemistry.
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Figure 5. 
Histogram depiction of compensation between E1/2 and pKa, for compounds within different 

classes of PCET reagents and in different solvents. Perfect compensation of −59.2 mV/pKa 

is indicated by the red line. Blue numbers in the bars are the number of compounds analyzed 

in each class. aIn water. bIn DMSO. cRef 92. Reprinted (adapted) with permission from 

ref 92, Supporting Information Figure S33, with blue numbers added. Copyright 2016 

American Chemical Society.
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Figure 6. 
Aqueous PCET thermochemistry of [cis-(bpy)2pyRuOHx]n+ from refs 95, 100, and 101. 

Top: Pourbaix diagram102,103 for this system and a map of the predominant species present 

as a function of pH and solution potential. The pH of the inflection points corresponds to 

pKa values, and the slopes of the horizontal and diagonal lines indicate the stoichiometry of 

the redox process occurring, (59 mV)ne−/mH+. Bottom: Double square scheme showing pKa 

values above horizontal arrows, pure-ET E∘ values beside vertical arrows, and BDFEs along 

the diagonals (from eq 10). Thermochemical values are from Table 24. Reprinted (adapted) 
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with permission from ref 3, 95, and 100 Copyright 2010, 2001, and 1981 American 

Chemical Society.
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Figure 7. 
Multiple-site concerted proton–electron transfer (MS-CPET). (A) General scheme for XH 

oxidation or X reduction.80 (B) Schematic of tyrosine-161 oxidation in Photosystem-II 

by long-range ET to the oxidized chlorophyll special pair P680+ concerted with PT to 

histidine-190.1,8 (C) Photocatalytic MS-CPET oxidation of an amide with photooxidant 

Mn and base B−.109 (D) Photoinduced MS-CPET to a noncovalently bonded oxidant/base 

pair.110 Reprinted with permission from refs 80, 1, 109, and 110, respectively. Copyright 

2018, 2007, 2016, and 2019 American Chemical Society.
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Figure 8. 
Catalytic applications of coordination bond weakening. (A) Knowles’ use of amide 

coordination bond weakening (bottom left) to enable catalytic amination. (B) Kim, Holland, 

and Poli’s possible mechanism for carbon radical trapping by an iron(II)-bound ethanol 

ligand. Reproduced with permission from refs 157 and 158, respectively. Copyright 2015 

and 2019 American Chemical Society.
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Figure 9. 
(A) Scheme for estimating a Mo-diazenido N–H BDFE (HITP = 3,5-(2,4,6-iPr3C6H2)2-

C6H3); the BDFEN–H has been edited to reflect our updated CG value in THF. Reprinted 

(adapted) with permission from ref 192. Copyright 2017 Springer Nature. (B) Suggested 

generation and disproportionation of P3SiFe–N═NH to P3SiFe–N2 and P3SiFe═N–NH2; 

the cationic hydrazido complex is drawn at the right, showing the structure of the P3Si 

ligand. Reprinted with permission from ref 191. Copyright 2017 American Chemical 
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Society. (C) Scheme for theN–H BDFEs in (dppe)2(L)Mo(═NN(Cy)H)n+. Reprinted with 

permission from ref 188. Copyright 2016 Royal Chemical Society.
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Figure 10. 
Reactions of iridium nitride and amide complexes 3a and 6 with hydrogen atom transfer 

reagents. Reprinted with permission from ref 183. Copyright 2015 American Chemical 

Society.
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Figure 11. 
(A) Marcus-type reaction coordinate for P450 compound I abstracting a hydrogen atom 

from methane. (B) O–H bond strengths that define the ground-state thermodynamics of 

P450 catalysis, for compound II (also the red structure in part (A)) and for the ferric 

water-bound form of the enzyme. (C) Measured E∘′ for compound I to compound II versus 

pH. The 57.7 mV/pH slope demonstrates the 1e−/1H+ nature of the reduction. Reprinted 

with permission from ref 213. Copyright 2019 American Chemical Society.
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Figure 12. 
Schematic of EB: In Step 1, a high-potential acceptor oxidizes the doubly reduced 

bifurcating site by one electron, generating the unstable singly reduced bifurcating site, 

which is a potent reductant. In Step 2, this reductant can transfer an electron to a low-

potential acceptor, provided that the more exergonic electron transfer to a second high-

potential acceptor is prevented (gated). Here the redox steps are shown as pure electron 

transfers, as is common in the field, but one or both of these steps is (in our view) likely to 

be PCET (see below).
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Figure 13. 
(A) Schematic of the Q-cycle in the mitochondrial bc1 complex (complex III). Qo is the 

bifurcation site, with the 1st e−/H+ pair moving to the FeS Rieske cluster and the 2nd redox 

equivalent reducing heme bL. Reprinted (adapted) with permission from ref 217. Copyright 

2013 Elsevier. (B) Drawing of the active site of electron bifurcation in the Q cycle showing 

successive ET steps that are associated with proton transfers to nearby residues. (C) Image 

of the Fe2S2–His–QH2–Glu portion of a crystal structure with the QH2 modeled in, in place 

of an inhibitor. Reprinted with permission from ref 222. Copyright 2006 Elsevier.
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Figure 14. 
Partial square scheme representations of PCET thermochemistry for (a) a metal complex, 

(b) a graphite-conjugated catalyst (GCC) with a pendent carboxylate, and (c) a platinum 

electrode. Reprinted with permission from ref 252. Copyright 2019 American Chemical 

Society.
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Figure 15. 
Cyclic voltammetry of a Pt(111) electrode at different solution pH’s (scan rate: 50 mV s−1). 

The wave for UPD hydrogen is the shape at the left in each CV, with the pH inscribed inside. 

Reprinted with permission from ref 254. Copyright 2015 Elsevier.
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Figure 16. 
One of the Pourbaix (E/pH) diagrams for copper. Reproduced from the Atlas of 
Electrochemical Equilibria in Aqueous Solutions by Marcel Pourbaix,102 with permission 

of the National Association of Corrosion Engineers.
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Figure 17. 
(A) NiO on FTO CVs of NiO|FTO collected in aqueous buffers and plot of E1/2 vs 

pH for both redox features, showing Nernstian dependences. Reprinted with permission 

from ref 264. Copyright 2019 American Chemical Society. (B)Dependence of reduction 

potential on log proton activity for a TiO2 film, with a slope of 64mV/log(aH+). Reprinted 

with permission from ref 275. Copyright 1999 American Chemical Society. (C) Reduction 

potentials of citrate-capped aqueous colloidal TiO2 nanoparticles determined by titration 

with various solution ET reagents.278 Reprinted with permission. Copyright 2019 Dr. 

Jennifer L. Peper.

Agarwal et al. Page 80

Chem Rev. Author manuscript; available in PMC 2022 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 18. 
(a) Pourbaix diagram showing the pH dependence of interfacial proton-coupled electron-

transfer (PCET) waves for GCC-phenazine (red), GCC-phen-NH2 (purple), GCC-phen-

COOH (dark green; structure shown in (b)), GCC-phen-m-OH (olive green), and GCC-

phen-o-OH (blue). The dotted line shows the computed potential of zero free charge 

(EPZFC). (b) Partial square scheme for interfacial PCET at GCC-phen-COOH, as an example 

reaction. The model reported partitions the potential for PCET (diagonal leg) into a 

horizontal leg, defined as the difference between the 0-field pKa of the surface site and 

the pH of the solution, and a vertical leg, defined as the EPZFC, of the electrode. Reprinted 

with permission from ref 252. Copyright 2019 American Chemical Society.
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Figure 19. 
(A) Schematic of the chemical process defines the ceria–H BDFE; Ce4+: gold; Ce3+: 

purple; O2−: gray; H: red. (B) Equilibrium reaction of colloidal, oleate-ligated cerium oxide 

nanocrystals with hydroquinones and quinones. (C) Variation of CeO–H BDFEs with the % 

Ce3+ in the surface regions for three batches of nanocrystals, Ce-1, Ce-2, and Ce-L, with 

average diameters of 1.8 ± 0.2 nm, 1.9 ± 0.3 nm, and 4.0 ± 0.4 nm, respectively. Reprinted 

with permission from ref 286. Copyright 2021 American Chemical Society.
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Scheme 1. 
Square Scheme of PCET Thermochemistry
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Scheme 2. 
Calculation of E∘(V vs H2) from the 1e− Reduction Potential and pKa
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Scheme 3. 
Calculation of E∘(V vs H2) Directly from E∘′(X/XHn)
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Scheme 4. 
Thermochemistry of BDFE Medium Dependence
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Scheme 5. Precursor and Successor Complexes and Work Terms (w) for Electron Transfer, 
Hydrogen Atom Transfer, and Multiple-Site Concerted Proton– Electron Transfera

aThe overall energetics from separated reactants to separated products is ΔG∘.

Agarwal et al. Page 87

Chem Rev. Author manuscript; available in PMC 2022 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 6. Water O–H Bond Sufficiently Weakened by Coordination to TiIII That It Can 
Transfer H• to an Alkyl Radicala
aReproduced with permission from ref 145. Copyright 2006 Wiley.
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Scheme 7. 
Thermochemical Schemes for X–H Bond Weakening upon Metal Coordination
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Scheme 8. Schrock Catalyst (Top) and Proposed Intermediates along the Chatt Cycle in the 
Reduction of Dinitrogen through the Stepwise Addition of Protons and Electrons (Bottom)a,b

aIn the bottom portion, compounds that were not isolated are bracketed with { and }.
bReproduced with permission from ref 178. Copyright 2005 American Chemical Society.
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Scheme 9. 
(A) Electrochemical Interconversion of NiIIIOOH to NiII(OH)2 and (B) Reversible PCET 

between a Phenol/Phenoxyl Radical and NiIIIOOH/NiII(OH)2
264
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Table 4.

Table of Thermochemical Tables

table link description table link description

Table 5 hydroxylamines Table 15 arylamines and arylhydrazines

Table 6 phenols Table 16 indoles and tryptophan

Table 7 hydroquinones – overall Table 17 nucleosides

Table 8 hydroquinones – separated Table 18 thiols

Table 9 ascorbates Table 19 C–H bonds

Table 10 water and alcohols Table 20 nicotinamides

Table 11 oxygen reduction Table 21 carbon dioxide reduction

Table 12 organic hydroperoxides Table 22 separated PCET pairs

Table 13 nitrogen reduction Table 23 3d transition metal complexes
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