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The design of molecular electrocatalysts for H2 oxidation and pro-
duction is important for the development of alternative renewable
energy sources that are abundant, inexpensive, and environmen-
tally benign. Recently, nickel-based molecular electrocatalysts with
pendant amines that act as proton relays for the nickel center were
shown to effectively catalyze H2 oxidation and production. We
developed a quantum mechanical approach for studying proton-
coupled electron transfer processes in these types of molecular
electrocatalysts. This theoretical approach is applied to a nickel-
based catalyst in which phosphorous atoms are directly bonded to
the nickel center, and nitrogen atoms of the ligand rings act as
proton relays. The catalytic step of interest involves electron trans-
fer between the nickel complex and the electrode as well as intra-
molecular proton transfer between the nickel and nitrogen atoms.
This process can occur sequentially, with either the electron or pro-
ton transferring first, or concertedly, with the electron and proton
transferring simultaneously without a stable intermediate. The
electrochemical rate constants are calculated as functions of over-
potential for the concerted electron-proton transfer reaction and
the two electron transfer reactions in the sequential mechanisms.
Our calculations illustrate that the concerted electron-proton trans-
fer standard rate constant will increase as the equilibrium distance
between the nickel and nitrogen atoms decreases and as the pen-
dant amines become more flexible to facilitate the contraction of
this distance with a lower energy penalty. This approach identifies
the favored mechanisms under various experimental conditions
and provides insight into the impact of substituents on the nitro-
gen and phosphorous atoms.
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Environmental and economic concerns about the use of fossil
fuels have led to the development of new technologies that

are more environmentally friendly but are also cost-effective
alternatives to nonrenewable resources. An important example
is the oxidation and production of H2 for use in hydrogen-based
fuel cells and functional storage devices for the energy harvested
from solar, wind, and other environmentally benign processes (1).
While efficient methods have been developed for H2 oxidation
and production, platinum catalysts are neither abundant enough
nor cost effective enough for mass production and large-scale
use (2). On the other hand, H2 oxidation and production occur
naturally in the hydrogenase class of enzymes. These biological
systems could serve as the key to the design of effective synthetic
catalysts because the catalytic center of the enzyme is comprised
of iron and/or nickel, both of which are highly abundant and
inexpensive metals.

The presence of an amine ligand in the second coordination
sphere is thought to contribute significantly to the high catalytic
activity of the [FeFe] hydrogenase enzymes. These pendant
amines may assist in the heterolytic cleavage of H2 by facilitating
proton transfer reactions as well as coupling electron and proton
transfer reactions (3, 4). While the relatively high turnover fre-
quency and low required overpotential of hydrogenase enzymes

(5–7) make them ideal candidates for use in large-scale oxidation
and production of H2, the functionality of the catalytic center is
usually lost when removed from the surrounding protein, and
synthesis of the entire enzyme is not practical. Thus, significant
efforts have been directed toward the design of molecular cata-
lysts that mimic the catalytic center of hydrogenase enzymes.

Recently, DuBois and coworkers have designed molecular
electrocatalysts that incorporate pendant amines to act as
proton relays for the Ni center (3–5, 8). In the P2N2 systems,
½NiðPR

2 N
R0
2 Þ2�2þ, the phosphorus atoms are directly bonded to

the nickel center, and the nitrogen atoms of the ligand rings are
in the second coordination sphere to enable them to act as proton
relays. The proposed electrocatalytic cycle for these catalysts is
depicted in Fig. 1, where the clockwise direction corresponds
to H2 oxidation and the counterclockwise direction corresponds
to H2 production. Experiments indicate that these complexes can
produce H2 at turnover frequencies as large as 103

–105 s−1 with
low to moderate overpotentials (8–10). Moreover, these catalysts
can be tailored for H2 oxidation or production by altering the
substituents on the P and N atoms. While much is known about
the thermodynamic properties of these species with different
substituents (11), significantly less is known about their detailed
mechanisms and kinetics. Understanding the factors that control
the flow of electrons and protons in these systems is crucial to
developing better catalysts.

The objective of this paper is to examine the mechanism
of proton-coupled electron transfer (12–19) in these molecular
electrocatalysts. We focus on the steps identified with brackets
in Fig. 1 for the species with methyl substituents on the P and N
atoms and all cyclic ligands in the boat conformation. The
bracketed catalytic steps involve electron transfer (ET) between
the Ni complex and the electrode as well as proton transfer
(PT) between the Ni and the N. The net reaction of interest is
½HNiIIðP2N2Þ2�þ − e− → ½NiIðP2HN2ÞðP2N2Þ�2þ for H2 oxida-
tion and the reverse reaction for H2 production. This process
can be described in terms of the four diabatic states depicted in
Fig. 2 (13, 14). For H2 oxidation, the sequential ET-PT mechan-
ism corresponds to ð1aÞ → ð2aÞ → ð2bÞ, the sequential PT-ET
mechanism corresponds to ð1aÞ → ð1bÞ → ð2bÞ, and the con-
certed electron-proton transfer (EPT) mechanism corresponds
to ð1aÞ → ð2bÞ. For H2 production, the steps within these me-
chanisms occur in the reverse order.

In previous work (20), we explored the thermodynamics of
the concerted and sequential mechanisms and the kinetics of
the PTreactions for this part of the catalytic cycle. In the present
paper, we examine the kinetics of the concerted EPT reaction as

Author contributions: S.H.-S. designed research; S.H., L.E.F., and A.V.S. performed research;
S.H., L.E.F., A.V.S., and S.H.-S. analyzed data; and S.H. and S.H.-S. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1To whom correspondence should be addressed. E-mail: shs@chem.psu.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1118333109/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1118333109 PNAS ∣ September 25, 2012 ∣ vol. 109 ∣ no. 39 ∣ 15663–15668

CH
EM

IS
TR

Y
SP

EC
IA
L
FE
AT

U
RE

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118333109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118333109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118333109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118333109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118333109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118333109/-/DCSupplemental


well as the kinetics of the ETreactions involved in the sequential
mechanisms. In particular, we use quantum mechanical methods
to calculate the electrochemical rate constants for ET and con-
certed EPTas functions of overpotential. These Tafel plots assist
in the identification of the favored mechanism under various
experimental conditions. We also discuss the qualitative impact
of substituents on these Tafel plots and the connection between
these diagrams and experimental data generated with cyclic vol-
tammetry. The general theoretical approach presented herein is
applicable to a wide range of molecular electrocatalysts and could
potentially play a significant role in catalyst design.

Results and Discussion
We calculated the electrochemical nonadiabatic rate constants
for ETand EPT using a theoretical framework based on Marcus
theory (21). The anodic and cathodic nonadiabatic rate constants
for ET are:
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where f ðεÞ is the Fermi distribution function for the electronic
states in the electrode; ρM is the density of states at the Fermi
level, which is assumed to be a constant in the vicinity of the
Fermi level; V el is the electronic coupling; β 0 is a parameter
of magnitude ∼1–3 Å−1 representing the exponential decay of
the electronic coupling with the distance between the molecule
and the electrode; and λ is the reorganization energy.

For fixed proton donor-acceptor distance R, the anodic and
cathodic nonadiabatic rate constants for concerted EPT are
(22–24):

kEPT
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where the summations are over proton vibrational states μ of
the reduced solute complex and ν of the oxidized solute complex.
Pμ and Pν are the Boltzmann probabilities for the proton vibra-
tional states μ and ν, and Sμν is the overlap integral between the
proton vibrational wavefunctions μ and ν. The quantity Δ ~Uμν is
defined to be Δ ~Uμν ¼ ΔUμν þ kBT lnðQII∕QIÞ, where ΔUμν is
the energy difference between states ν and μ, and QI and QII

are the vibrational partition functions of the reduced and oxi-
dized solute complexes, respectively, in bulk solution. The quan-
tities Pμ, Sμν, and Δ ~Uμν depend on the proton donor-acceptor
distance R.

The effects of the proton donor-acceptor motion can be in-
cluded by thermally averaging over the proton donor-acceptor
distance (25–27):

kEPT
a ðηÞ ¼

Z
PaðRÞkEPT

a ðη;RÞdR [5]

and the analogous expression for the cathodic rate constant,
where PaðRÞ and PcðRÞ are probability distribution functions for
the anodic and cathodic processes, respectively. In the present
work, these probability distribution functions are chosen to cor-
respond to a classical harmonic oscillator and depend on an ef-
fective force constant keff and equilibrium proton donor-acceptor
distance R̄. Note that anharmonic probability distribution func-
tions could be obtained from electronic structure calculations

Fig. 1. Proposed reversible mechanism of H2 oxidation (clockwise) and H2

production (counterclockwise) for the ½NiðPR
2N

R0
2 Þ2�2þ class of molecular elec-

trocatalysts. The brackets indicate the steps of interest. The substituents on P
and N are not shown for clarity. Figure originally provided by R. M. Bullock.
Reprinted with permission from (20), Copyright 2012 American Chemical
Society.

Fig. 2. Schematic depiction of the states and charge transfer reactions in-
volved in the proton-coupled electron transfer process of interest, corre-
sponding to the bracketed steps in Fig. 1. The complex shown has methyl
substituents on the P and N atoms with all rings in the boat conformation.
The ET, PT, and EPT reactions are shown for H2 oxidation, ð1aÞ → ð2bÞ, and H2

production, ð2bÞ → ð1aÞ.
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and/or molecular dynamics simulations. The computational
methods used to calculate the input quantities for the above rate
constant expressions are described in the Methods section.

In this paper, for a given ET or EPT reaction, the standard
potential corresponds to the potential at which the anodic and
cathodic rate constants are identical, and the standard rate con-
stant is the rate constant at the standard potential. To avoid the
calculation of some of the quantities in the prefactors of the rate
constant expressions, we calculate the rate constants relative to
the standard rate constant of a specified reaction (i.e., ratios of
rate constants). The overpotential η is defined as the applied
potential relative to the standard potential of a specified reaction
(i.e., differences between potentials).

The main differences between the EPT and ET rate constant
expressions are that the EPT rate constant expressions require a
summation over the reactant and product proton vibrational
states, and each term is proportional to the Boltzmann popula-
tion of the reactant proton vibrational state and the square of
the overlap between the reactant and product proton vibrational
wavefunctions. In addition, the effective activation energy in the
exponential depends on the difference between the product and
reactant proton vibrational state energies. All of these quantities
depend strongly on the proton donor-acceptor distance, which for
these systems is the Ni-N distance. Thus, the calculation of the
EPT rate constant requires the generation of proton potentials
for a range of Ni-N distances. For simplicity, we calculate only
one-dimensional proton potentials and proton vibrational wave-
functions along an axis connecting the equilibrium positions of
the transferring hydrogen in the reduced and oxidized states for
each Ni-N distance, as depicted at the top of Fig. 3. In principle,
the three-dimensional analogs could be generated, but the qua-
litative trends are expected to be captured with the one-dimen-
sional treatment of proton motion.

Fig. 3 depicts the proton potentials for the reduced and oxi-
dized states of the complexes at Ni-N distances of 2.94, 3.04,
3.14, and 3.25 Å. The proton potentials for the reduced and oxi-
dized states are highly asymmetric, where the minimum near the
Ni is lower in energy for the reduced state and the minimum near
the N is lower in energy for the oxidized state. Furthermore, as
the Ni-N distance decreases, the separation between the minima
and the barrier for each proton potential decrease. The ground
state and selected excited state proton vibrational wavefunctions
are depicted for the Ni-N distances of 2.94 Å and 3.25 Å in Fig. 4.
As the Ni-N distance decreases, the proton vibrational wavefunc-
tions become more delocalized, and the overlap between the
ground state reactant and product proton vibrational wavefunc-
tions increases significantly. As a result, the lower vibrational
states contribute more to the rate constant as the Ni-N distance
decreases.

The overall EPT rate constant is determined by integrating
the R-dependent rate constant over all values of R, weighting the
rate constant by the probability of sampling each value of R. The
average equilibrium Ni-N distance for the optimized reduced and
oxidized complexes is 3.25 Å. The Gaussian probability distribu-
tion function, PaðRÞ ≡ PcðRÞ, is chosen to be greatest at this
average equilibrium distance in the approach used to generate
the results presented below. (The results from an alternative ap-
proach that uses different probability functions for the anodic and
cathodic rate constants are presented in the SI Appendix). On the
other hand, the rate constant increases as R decreases because of
the greater contributions from the lower vibrational states due to
the larger overlap integrals. Thus, the dominant Ni-N distance
(i.e., the distance that contributes the most to the overall rate
constant) is determined by a competition between the rate con-
stant increasing and the probability distribution function decreas-
ing as R decreases. For this system, the dominant Ni-N distance is
found to be 3.00 Å. This dominant distance is significantly smaller

than the equilibrium Ni-N distances of 3.31 and 3.20 Å for the
optimized reduced and oxidized complexes, respectively.

A more detailed analysis can be performed using the data in
Table 1. At each Ni-N distance, the standard rate constant is
determined by a balance among the Boltzmann populations of
the reactant states, the free energy barriers, and the overlaps
between the reactant and product proton vibrational wavefunc-
tions. At the average equilibrium Ni-N distance of 3.25 Å, the
main contributions to the standard rate constant arise from
the 0∕3 pair (i.e., the ground reactant state and the third excited
product state) and the 4∕0 pair (i.e., the fourth excited reactant
state and the ground product state). As depicted in Fig. 4, the
overlap integrals between the proton vibrational wavefunctions
for these pairs of reactant/product states are nearly unity because
the excited reactant (product) state is localized on the same
side as the ground product (reactant) state for the 4∕0 (0∕3) pair
of states. On the other hand, the Boltzmann population of
the fourth excited reactant state is 10−11, and the free energy bar-
rier corresponding to the 0∕3 pair of reactant/product states is

Fig. 3. At the top, average equilibrium structure of the catalyst, identifying
the Ni (dark pink) and N (dark blue) atoms involved in the PT reaction, as
well as the proton axis used for generation of the proton potentials. The
hydrogen atom is shown at its equilibrium position for both the reduced
and oxidized states (i.e., bound to the Ni and N atoms in the (1a) and
(2b) states, respectively). In the calculations, only one hydrogen atom is
included here and is moved along the proton axis to generate the proton
potentials. In the lower portion, proton potentials for (A) the reduced
state and (B) the oxidized state of the catalyst for the average structures
at Ni-N distances of 2.94, 3.04, 3.14, and 3.25 Å. As the Ni-N distance de-
creases, the separation between the minima and the barrier for each proton
potential decrease.

Horvath et al. PNAS ∣ September 25, 2012 ∣ vol. 109 ∣ no. 39 ∣ 15665

CH
EM

IS
TR

Y
SP

EC
IA
L
FE
AT

U
RE

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118333109/-/DCSupplemental/Appendix.pdf


very high, leading to a relatively small rate constant at this
distance.

In contrast, at the shorter Ni-N distance of 2.94 Å, the main
contributions to the standard rate constant arise from the 1∕0 and
2∕0 pairs of states (i.e., the first and second excited reactant states
in conjunction with the ground product state). As depicted in

Fig. 4, these reactant states have substantial probability on the
donor side (i.e., near the Ni) but are delocalized enough to have
significant overlap with the ground product state, which is loca-
lized on the acceptor side (i.e., near the N). The corresponding
Boltzmann populations and free energy barriers are moderate,
leading to significant contributions from both pairs of states.
At the slightly larger Ni-N distance of 3.04 Å, which is only
0.04 Å larger than the dominant distance, the behavior is quali-
tatively similar, except the main contributions to the standard rate
constant arise from the 2∕0 and 3∕0 pairs of states.

Based on this analysis, the standard rate constant at the domi-
nant Ni-N distance of 3.00 Å is approximately 9;000 times greater
than that at the average equilibrium Ni-N distance of 3.25 Å. On
the other hand, the probability of sampling the smaller Ni-N dis-
tance is approximately 20 times smaller than that at the average
equilibrium Ni-N distance. Thus, the contribution to the overall
standard rate constant is approximately 450 times greater for the
dominant Ni-N distance than for the average equilibrium Ni-N
distance. This analysis illustrates that the rate constant is deter-
mined by a complex balance among various competing factors.
The rate constant at each Ni-N distance is strongly influenced by
the overlaps between the reactant and product proton vibrational
wavefunctions, favoring the smaller Ni-N distances. On the other
hand, the contribution of a particular Ni-N distance to the overall
rate constant is strongly influenced by the probability of sampling
that particular distance, favoring Ni-N distances closer to the
equilibrium values.

We calculated the electrochemical rate constants as functions
of overpotential for the EPTand ETreactions using the rate con-
stant expressions given above. For each reaction, the standard
electrode potential, at which the anodic and cathodic rate con-
stants are identical, is different. The differences between the stan-
dard potentials can be determined by the relative free energy
changes for the reactions. Previously, we calculated the reduction
potentials to be 0.01, 0.77, and 0.71 V vs. Fcþ∕Fc (ferrocenium/
ferrocene) in acetonitrile for ð1aÞ → ð2aÞ, ð1bÞ → ð2bÞ, and
ð1aÞ → ð2bÞ, respectively (20). To compare the ETand EPT rate
constants, Fig. 5 depicts the electrochemical rate constants as
functions of the potential. Note that the EPTreaction is assumed
to have a standard potential at η ¼ 0, and the standard potentials

B

A

Fig. 4. Proton potentials and corresponding vibrational wavefunctions for
the contributing proton vibrational states (as given in Table 1) for the re-
duced state (blue) and the oxidized state (red) for the average structures
at (A) the Ni-N distance of 2.94 Å and (B) the average equilibrium Ni-N dis-
tance of 3.25 Å.

Fig. 5. Electrochemical rate constants as functions of potential for the ET
and EPT reactions of interest. The rate constants are given relative to ks,
the standard rate constant for the EPT reaction. The standard potential
for the EPT reaction is chosen to be zero overpotential (η ¼ 0), and the stan-
dard potentials for the ET reactions are shifted relative to this value by their
relative reduction potentials. Thus, the overpotential η is defined to be the
applied potential relative to the standard potential for the EPT reaction. The
curves are labeled according to the specific ET and EPT reactions.

Table 1. Analysis of main contributions to the standard rate
constant for several Ni-N distances

RðÅÞ * μ∕ν † Pμ
‡ S2

μν
§ e−ΔG†

μν∕kBT ¶ % contrib.∥

2.94 1∕0 2.7 × 10−3 0.065 5.3 × 10−4 30
2∕0 2.1 × 10−4 0.587 1.5 × 10−3 61

3.04 2∕0 3.8 × 10−6 0.215 6.8 × 10−3 42
3∕0 1.3 × 10−6 0.571 9.8 × 10−3 55

3.25 0∕3 1.0 0.855 5.1 × 10−12 40
4∕0 4.3 × 10−11 0.917 1.6 × 10−1 58

*The Ni-N distance of 2.94 Å is the shortest distance examined. The
intermediate Ni-N distance of 3.04 Å is 0.04 Å larger than the
dominant distance, and the Ni-N distance of 3.25 Å is the average
equilibrium distance.

†μ and ν correspond to the proton vibrational states for the reduced and
oxidized states, respectively, of the catalyst.

‡Pμ is the Boltzmann probability for state μ.
§Sμν is the overlap integral between the proton vibrational wavefunctions
associated with states μ and ν.

¶ΔG†
μν ¼ ðΔ ~Uμν þ λÞ2∕4λ and is the effective free energy barrier at

η ¼ ε ¼ 0.
∥% contrib. is the percentage contribution to the overall standard
rate constant at that distance R, kEPT

a ðη ¼ 0;RÞ, including only
contributions greater than 10%.
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for the two ET reactions (i.e., the minima of the curves) are
shifted relative to this value according to the calculated reduction
potentials. Thus, the overpotential η in Fig. 5 is defined to be the
applied potential relative to the standard potential for the EPT
reaction.

The anodic EPTrate constant in Fig. 5 exhibits slightly unusual
curvature in the region 0.4 < η < 0.7 V. This behavior is ob-
served because the relative contributions from the various pairs
of proton vibrational states depend on the overpotential. In the
region η < 0.4 V, the dominant Ni-N distance is approximately
3.0 Å, and the main contributions to the rate constant arise from
the 2∕0 and 3∕0 pairs of states, where the reactant and product
vibrational states are localized predominantly on different sides.
In the region η > 0.7 V, the dominant Ni-N distance is only
slightly shorter than 3.25 Å, and the main contributions to the
rate constant arise from the 0∕3 pair of states, where the reactant
and product states are both localized on the same side. This qua-
litative change occurs because application of a significant positive
overpotential decreases the effective free energy barrier corre-
sponding to the 0∕3 pair of states. The intermediate regime of
overpotential has significant contributions from the 2∕0, 3∕0,
and 0∕3 pairs of states in varying amounts. The cathodic EPTrate
constant does not exhibit this qualitative change in contributions
for the region of overpotential studied. This behavior is system
dependent and will not always be observed for EPT reactions.
Further analysis of the contributions to the rate constant at var-
ious values of η is available in the SI Appendix.

Fig. 5 illustrates that the relative values of the electrochemical
rate constants for the two ETreactions and the EPT reaction de-
pend strongly on the overpotential. For relatively negative over-
potentials, the rate constant is greatest for the ð2bÞ → ð1bÞ ET
reaction, and for relatively positive overpotentials, the rate con-
stant is greatest for the ð1aÞ → ð2aÞ ET reaction. The regions in
which each mechanism is dominant depend on the relative
standard rate constants (i.e., the shifts along the y-axis) and the
relative reduction potentials (i.e., the shifts along the x-axis). The
standard rate constants for the two ETreactions are similar, with
the minor difference arising from the smaller inner-sphere reor-
ganization energy of 0.52 eV for ð1aÞ → ð2aÞ compared to
0.67 eV for ð1bÞ → ð2bÞ. The standard rate constant for the EPT
reaction is smaller than the standard rate constants for the two
ET reactions mainly because of the Franck-Condon overlap fac-
tor (i.e., the square of the overlap between the reactant and pro-
duct proton vibrational wavefunctions) in the EPT rate constant
expression. In other words, the transfer of the proton imposes a
penalty on the rate constant, but altering the applied overpoten-
tial can make EPT more favorable than ET. For example, the
EPT rate constant is greater than the ð2aÞ → ð1aÞ ET rate con-
stant at relatively negative overpotentials.

The Tafel plots in Fig. 5 can be altered by modifying the sub-
stituents on the P and N atoms in the Ni catalysts. In particular,
the curves can be shifted along the x-axis by altering the relative
reduction potentials and along the y-axis by altering the standard
rate constants. Previously, we studied the impact of phenyl and
benzyl substitutions on the reduction potentials for the ET and
EPT reactions (20). For the nickel complex in which all methyl
groups are replaced by phenyl groups and the rings are in the
boat-chair conformation, the reduction potentials were calcu-
lated to be −0.78, 0.26, and −0.02 V vs. Fcþ∕Fc in acetonitrile
for ð1aÞ → ð2aÞ, ð1bÞ → ð2bÞ, and ð1aÞ → ð2bÞ, respectively (20).
Assuming that the standard rate constants do not change, the re-
sulting plot would resemble Fig. 5 except the ð1bÞ ↔ ð2bÞ curve
would be shifted by 0.22 V in the direction of positive overpoten-
tial. The relative standard rate constants for the two ETreactions
can be tweaked slightly by changing the inner-sphere reorganiza-
tion energies. The relative standard rate constant for the EPT
reaction can be altered by changing the proton potentials. As
discussed above, however, the impact of the proton potential

on the overall EPT rate constant is a complex balance of many
factors, so the prediction of substituent effects on the EPT stan-
dard rate constant requires calculations such as those described
herein. Our analysis illustrates, however, that the EPT standard
rate constant will increase as the equilibrium Ni-N distance de-
creases and as the frequency of the Ni-N motion decreases (i.e.,
more mobile ligands will facilitate the contraction of the Ni-N
distance, thereby increasing the overlaps). The incorporation of
more flexible pendant amines should enable the N to approach
the Ni more closely with a lower energy penalty. Note that the
pendant amine must still remain in the vicinity of the Ni center
for effective catalysis.

The direct comparison between these calculations and experi-
mental data will require the calculation of relative current den-
sities, which depend on the concentrations of the four species
depicted in Fig. 2. In principle, the electrochemical rate constants
given in Fig. 5 can be combined with a specific kinetic scheme to
calculate the relative current densities for the two ET reactions
and the EPT reaction. Such a treatment would involve informa-
tion about the PT reactions as well (20). These data could also
be used to simulate cyclic voltammograms for these catalysts,
thereby enabling a direct comparison to accessible experimental
data. These directions will be the focus of future research in
efforts to design more effective catalysts.

While significant insights can be gained by examining the
steps indicated in brackets in Fig. 1, the study of only one or
two steps in the catalytic cycle does not provide a complete under-
standing of H2 oxidation or production. All steps in the catalytic
cycle must be investigated to obtain complete information for
designing more effective nickel-based electrocatalysts. For exam-
ple, although more flexible pendant amines may be favorable for
the proton-coupled electron transfer steps, they may adversely
affect other steps in the catalytic cycle. Typically, the other steps
in the cycle can be studied with more traditional electronic struc-
ture methods. The theoretical approach presented in this paper
for studying the steps involving the coupling of electron and
proton transfer is essential for obtaining a complete picture of the
catalytic cycle. This theoretical approach is also applicable to the
design of other molecular electrocatalysts.

Methods
The density of states, electronic coupling, and parameter β 0 were assumed to
be the same for ETand EPT reactions and therefore were not required for the
calculation of relative rate constants. The outer-sphere (solvent) reorganiza-
tion energy λs was assumed to be the same for ET and EPT reactions and was
previously calculated to be λs ¼ 0.39 eV for these systems using a dielectric
continuummodel, in which the nickel complex is enclosed in a spherical cavity
on the surface of the electrode and immersed in the acetonitrile solvent
(20, 28). The inner-sphere reorganization energy λi was previously calculated
to be 0.52 eV for ð1aÞ → ð2aÞ and 0.67 eV for ð1bÞ → ð2bÞ and ð1aÞ → ð2bÞ for
these systems (20). The total reorganization energy λ is the sum of the inner-
and outer-sphere reorganization energies.

The quantities Pμ, Sμν, and Δ ~Uμν were calculated from a series of proton
potentials determined at different proton donor-acceptor distances. In the
present work, the proton potentials were obtained for structures generated
by averaging the reduced and oxidized structures calculated from geometry
optimizations with a constrained Ni-N distance. Average structures were ob-
tained for Ni-N distances of 2.94, 3.04, 3.14, and 3.25 Å. The proton potentials
were generated on a one-dimensional grid connecting the optimized hydro-
gen position for the reduced and oxidized states for each Ni-N distance, as
depicted at the top of Fig. 3. The rate constants, kEPT

a ðη;RÞ and kEPT
c ðη;RÞ, were

calculated at these four Ni-N distances, and a linear interpolation and extra-
polation scheme was used to enable the numerical integration over R given
in Eq. 5. For the probability functions, we assumed that PaðRÞ ≡ PcðRÞ. The
equilibrium distance R̄ was chosen to be the average of the equilibrium
Ni-N distances for the optimized reduced and oxidized complexes, and the
effective force constant keff was chosen to be the average of the effective
force constants determined by projecting the normal mode vectors onto
the proton donor-acceptor axis for the optimized reduced and oxidized
complexes (27). These parameters were determined to be R̄ ¼ 3.25 Å and
keff ¼ 0.023495 a:u:.
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We also explored an alternative approach, in which the proton potentials
are obtained for both the reduced and oxidized state structures, and the
probability functions for the anodic and cathodic processes are different
(i.e., they are determined from the equilibrium Ni-N distance and effective
frequency for the optimized reduced and oxidized complex, respectively).
Thus, the anodic and cathodic rate constants are calculated with different
sets of proton potentials and probability functions. The results of this alter-
native approach are provided in the SI Appendix. The two approaches give
qualitatively similar Tafel plots, as indicated by a comparison of Fig. 5 to the
corresponding figure in the SI Appendix, Fig. S5.

The geometry optimizations and proton potentials were calculated with
density functional theory and the B3P86 density functional (29, 30) using
Gaussian 09 (31). Further computational details about generating the struc-
tures and proton potentials are provided in the SI Appendix.
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