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ABSTRACT: The effect of the proton donor on the kinetics
of interfacial concerted proton−electron transfer (CPET) to
polycrystalline Au was probed indirectly by studying the rate of
hydrogen evolution from trialkylammonium donors with
different steric profiles, but the same pKa. Detailed kinetic
studies point to a mechanism for HER catalysis that involves
rate-limiting CPET from the proton donor to the electrode
surface, allowing this catalytic reaction to serve as a proxy for
the rate of interfacial CPET. In acetonitrile electrolyte,
triethylammonium (TEAH+) displays up to 20-fold faster
CPET kinetics than diisopropylethylammonium (DIPEAH+)
at all measured potentials. In aqueous electrolyte, this steric
constraint is largely lifted, suggesting a key role for water in mediating interfacial CPET. In acetonitrile, TEAH+ also displays a
much larger transfer coefficient (β = 0.7) than DIPEAH+ (β = 0.4), and TEAH+ displays a potential-dependent H/D kinetic
isotope effect that is not observed for DIPEAH+. These results demonstrate that proton donor structure strongly impacts the free
energy landscape for CPET to extended solid surfaces and highlight the crucial role of the proton donor in the kinetics of
electrocatalytic energy conversion reactions.

■ INTRODUCTION

The interconversion of electrical and chemical energy requires
the intimate coupling of multiple protons and electrons with
small molecules such as H2O, O2, and CO2.

1−3 Energy storage
and release reactions involving these small molecules underlie
the operation of modern energy storage and utilization devices
including electrolyzers, fuel cells, and metal-air batteries. In
these devices, the large kinetic barriers to multielectron
activation of small molecules are surmounted by heterogeneous
catalysts that bind reaction intermediates at surface active
sites.4,5 Despite their central role in virtually all energy storage
and release reactions, the mechanistic details of proton−
electron coupling at catalyst surfaces remain poorly understood.
A vigorous search for improved energy conversion catalysts

has centered upon the twin goals of increasing activity and
selectivity, especially in reactions that can give rise to multiple
products, such as carbon dioxide reduction and oxygen
reduction. For heterogeneous catalysts, this problem is
compounded by the fact that the relative adsorption energies
of key reactive intermediates typically scale together,6,7 making
it difficult to control reaction selectivity by altering surface
structure alone. In biological systems, enzymes are able to
control selectivity and efficiency by using proton-shuttling
residues in the second coordination sphere of metallo-cofactors
to modulate the relative rates of different PCET steps.8−11

Similarly, in molecular systems, the proton donor has been
shown to dictate product selectivity in the case of CO2
reduction,12 and the incorporation of proton relays in ligand

frameworks has been shown to improve rates and selectivity in
molecular electrocatalysts for H2 evolution,13,14 O2 reduc-
tion,15,16 and CO2 reduction.17−19 Despite this precedent, in
heterogeneous systems, the role of the proton donor has been
largely ignored.
The most elementary interfacial PCET reaction is the direct

formation of a surface metal−H (M−H) bond. This M−H
species is the key intermediate in hydrogen evolution catalysis,
making it an ideal platform for studying interfacial PCET
kinetics. In molecular hydrogen evolution reaction (HER)
catalysts, PCET to form an M−H intermediate is typically
believed to proceed through one of two mechanisms (Scheme
1a). In a stepwise “EPT” pathway, equilibrium electron transfer
(ET) to the molecular catalyst precedes proton transfer (PT)
to the reduced metal center, whereas in a concerted pathway,
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Scheme 1. (a) Molecular HER Electrocatalysis May Be
Mediated by EPT or CPET Pathways; (b) Heterogeneous
HER Electrocatalysis Must Be Mediated by CPET
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the proton and electron transfer simultaneously to the metal
center in a concerted proton−electron transfer (CPET) step.
Although CPET may possess a high kinetic barrier associated
with a formally ternary reaction, the concerted pathway avoids
formation of high-energy charged intermediates.20 In fact, the
CPET pathway is always preferred from a thermodynamic
standpoint because the intermediate formed after a single PT or
ET step is always uphill of the final product, otherwise the
charged intermediate would be the final product.21 It follows
that promoting the CPET pathway in a molecular system
necessitates an understanding of what makes its kinetic barrier
tractable relative to those for the individual PT and ET steps.
Extensive experimental and computational studies have shed

light onto the kinetics of these processes. In particular,
electrochemical techniques have been heavily utilized in
understanding CPET in molecular systems.20,22−30 Cyclic
voltammetry allows for precise control over the applied driving
force, and each measurement is a direct probe of ET kinetics.
Just as in molecular ET, electrochemical ET kinetics can be
described by Marcus theory, in which the rate has an
exponential dependence on the thermodynamic driving force,
ΔG°, and the net reorganization energy, λ:31

= λ λ− Δ °+k Ae G RT
ET

( ) /42

(1)

PT can be understood in much the same way, with a few
caveats.20−30,32−35 Although PT has been effectively modeled
using a nonlinear free energy relation very similar to those
employed in Marcus models for ET,36 PT steps in molecular
systems require preorganization of the proton donor and
proton acceptor, usually in the form of a hydrogen-bonded
complex. This requirement places stringent demands on the
structural complementarity of the proton donor and acceptor
that are largely nonexistent for electron donor/acceptor pairs.
Additionally, PT is slower than ET, and while the Franck−
Condon principle allows us to assume no motion in either the
reactant or product nuclei over the course of an ET step, the
same cannot be said for the PT step. In fact, quite the opposite:
the vibrational coupling between the donor and acceptor
molecules often determines the probability of PT in a given
system.22−26 Consequently, the molecular structure of the
proton donor is a critical determinant of the rate of PCET.37,38

Indeed, careful optimization of the flexibility, structure and
orientation of pendant proton donors has proven critical for the
design of highly active molecular electrocatalysts for H2
evolution,13,14 O2 reduction,

15,16 and CO2 reduction.
17−19

In contrast to molecular systems, M−H bond formation at a
heterogeneous metal surface must occur via the concerted
pathway (Scheme 1b). Both the stepwise EPT and PET
pathways are excluded because the extended band structure in a
metal leads to complete delocalization of charge over the entire
metal. Thus, it is incorrect to describe an electronic
configuration in which charge is localized at any one atom,
making it impossible for ET to occur without surface bond
formation, and for bond formation to occur without electron
transfer from the external circuit. The high density of states in
metals makes this true, even for undercoordinated surface sites.
Consistent with this expectation, no redox processes are
observed in cyclic voltammograms of metal electrodes in the
absence of a proton donor or other reducible species.
Consequently, heterogeneous M−H bond formation at the
surface must proceed via a CPET mechanism and is expected to
be highly dependent on the structure of the proton donor.

Despite this intuition, there currently exists little understanding
of the structural requirements for efficient CPET to an
electrode surface, making it difficult to augment the rate of
catalytic fuel formation and consumption in a systematic
fashion.
In this study, we probe the structural requirements of

interfacial CPET by using the rate of HER catalyzed by
polycrystalline Au surfaces as a proxy for the rate of CPET to
the surface. Au displays a very low H-adsorption energy,5 so the
formation of the Au−H bond is expected to be rate-limiting for
HER catalysis. Consistent with this expectation, studies in an
acidic, aqueous medium indicate that Au-catalyzed HER
proceeds via a rate-limiting one-electron, one-proton step to
form a surface-bound H atom.39,40 An H/D kinetic isotope
effect (KIE) of 4.3 has been observed under these conditions,
consistent with CPET to form the Au−H intermediate.41 Thus,
Au-catalyzed HER provides an ideal platform for studying the
rate of interfacial CPET because the rate of HER on Au is the
rate of CPET.
Nearly all kinetic studies of HER on Au have been conducted

in aqueous acid electrolyte, a medium that presents the surface
with the least hindered proton donor, solvated H+, which sheds
little light on the sensitivity of interfacial CPET to the structure
of the proton donor. Herein, we examine the effect of proton
donor structure on CPET by comparing the rates of HER
catalysis on polycrystalline Au using two trialkylammonium
proton donors of identical pKa but drastically different steric
profiles. We demonstrate that, in acetonitrile, the structure of
the proton donor determines not only the rate of CPET but
also the apparent transfer coefficient for the reaction and the
magnitude of the H/D kinetic isotope effect. Additionally, the
rate of CPET is largely insensitive to proton donor sterics in
aqueous media, suggesting the key role of water in mediating
interfacial CPET in aqueous electrolytes.

■ RESULTS
The kinetics of Au-catalyzed hydrogen evolution were
investigated using two trialkylammonium cation proton donors,
triethylammonium (TEAH+) and diisopropylethylammonium
(DIPEAH+). These two acids have the same pKa (19 in
acetonitrile and 11 in water)42,43 and are constitutionally
similar. However, diisopropylethylamine (DIPEA), with a
Tolman cone angle of 200°, is significantly more sterically
bulky than triethylamine (TEA) with a Tolman cone angle of
150° (see SI for details of the Tolman cone angle calculation
for DIPEA).44

All electrochemical experiments were conducted using a
polycrystalline Au rotating disk working electrode (0.196 cm2).
For studies in acetonitrile, cyclic voltammograms were recorded
on stationary electrodes at 20 mV s−1 in 100 mM
tetrabutylammonium hexafluorophosphate and 20 mM triethy-
lammonium triflate salt (Figure 1). Steady-state data were
collected in the presence of excess TBA PF6 (500 mM) to
mitigate migration effects at the electrochemical double layer.45

Cyclic voltammograms (CVs) (Figure 1) show an earlier
onset of HER for TEAH+ than DIPEAH+ in CH3CN. Potential
vs activation-controlled current density (Tafel) data (Figure 2)
were collected galvanostatically for each proton donor by
measuring the potential at eight different logarithmically spaced
current densities between 51 μA cm−2 and 5.1 mA cm−2.
Measurements were made in the presence of 25 mM
TEAH+OTf−or DIPEAH+OTf− and 2.5 mM of the correspond-
ing amine. Excess acid was used in all experiments to minimize
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the formation of an association complex between the
ammonium and the amine.46 Electrolyses were conducted at
each current density until the potential reached a steady state
value. The potentials were corrected for ohmic losses and
referenced to ferrocenium/ferrocene (Fc+/Fc) at the end of
each run. The Tafel slopes for HER from TEAH+ and
DIPEAH+ were 84 and 160 mV dec−1, respectively, and the
HER activity of TEAH+ was greater than that of DIPEAH+ at
all measured current densities (Figure 2). The Tafel slopes
were similar between forward and reverse sweeps of the current
density (Figures S3 and S4), indicating the Tafel behavior was
not significantly impacted by transient deactivation of the
electrode surface. Additionally, the small error bars in Figure 2
evince the high run-to-run reproducibility of the data under
these conditions. Nearly identical current−potential profiles are
observed for Au electrodes rotated at 1000 and 2000 rpm
(Figures S5 and S6).
The dependence of HER catalytic current density on TEAH+

and DIPEAH+ concentrations was determined by collecting
galvanostatic Tafel data across seven current densities between
51 μA cm−2 and 5.1 mA cm−2 at 10, 20, 50, and 100 mM acid
concentrations. Plots of the logarithm of the current density vs
the logarithm of the acid concentration were constructed by
interpolating the Tafel plots (Figures S7 and S8) at various
potentials spanning the data range (Figure 3). The slopes of the
resulting linear plots gave reaction orders of ∼0.5 for both
TEAH+ and DIPEAH+.
To determine the values of the H/D kinetic isotope effects

(KIE) in these systems, current−potential data were collected
in deuterated acid (TEAD+ and DIPEAD+) (Figure 4). The

Tafel slope measured for TEAD+ was 120 mV dec−1, which is
greater than the 84 mV dec−1 Tafel slope observed for TEAH+.

Figure 1. Cyclic voltammograms (20 mV s−1) of polycrystalline Au
recorded in acetonitrile containing 0.1 M TBA PF6, 20 mM
DIPEAH+OTf− (black) and 20 mM TEAH+OTf− (red).

Figure 2. Potential vs activation controlled current density for
hydrogen evolution catalysis on polycrystalline Au recorded in
acetonitrile containing 0.5 M TBA PF6, 25 mM DIPEAH+OTf−

(black) and 25 mM TEAH+OTf− (red). Both electrolytes contained
2.5 mM of the corresponding conjugate base. Tafel slopes were 160
and 84 mV dec−1, respectively.

Figure 3. Hydrogen evolution catalytic current density vs concen-
tration of TEAH+ (a) and DIPEAH+ (b). Traces correspond to
potentials spaced in 50 mV increments ranging between −1.30 and
−1.45 V for TEAH+ and −1.30 and −1.50 V for DIPEAH+. Current
densities were recorded on polycrystalline Au in acetonitrile containing
0.5 M TBA PF6. The slopes range from 0.5 to 0.6 for TEAH+ and from
0.5 to 0.6 in DIPEAH+.

Figure 4. Potential vs activation controlled current density for
hydrogen evolution catalysis on polycrystalline Au recorded in
acetonitrile containing 0.5 M TBA PF6, 25 mM TEAH/D+OTf− (a)
and 25 mM DIPEAH/D+OTf− (b). Both electrolytes contained 2.5
mM of the corresponding conjugate base. Tafel slopes were 120, 84,
160, and 150 mV dec−1 for TEAH+, TEAD+, DIPEAH+, and
DIPEAD+, respectively.
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The Tafel slopes were more similar for DIPEAH+: 150 mV
dec−1 for DIPEAD+ vs 160 mV dec−1 for DIPEAH+.
In aqueous media, Tafel data for HER catalysis with both

amine donors were measured over the same current range in 1
M NaClO4, pH 10.7, electrolyte containing 50 mM of either
1:1 TEA:TEAH+ClO4

− or DIPEA:DIPEAH+ClO4
−. Both

ammonium acids have an aqueous pKa of 10.7. Tafel slopes
of 200 and 220 mV dec−1 are observed for TEAH+ and
DIPEAH+, respectively (Figure 5). The Tafel data are largely

invariant with changes in the electrode rotation rate, evincing
the absence of transport limitations (Figures S17 and S18).
Additionally the data exhibit no significant hysteresis (Figures
S15 and S16), indicating that the electrode is not subject to
transient deactivation over the time course of the measurement.

■ DISCUSSION
The Tafel relation between potential and steady state current
density (Figure 2), together with studies of reaction order in
acid concentration (Figure 3), provide a basis for the
mechanistic interpretation of HER from each of these amine
donors. The current measured during steady state catalysis is
directly proportional to the reaction velocity, provided that the
measurement is not subject to mass transport limitations or
other experimental artifacts. In our systems, the Tafel behavior
was independent of electrode rotation rate (Figures S5 and S6),
establishing that the data represent the activation-controlled
rate of hydrogen evolution catalyzed by the gold surface.
Additionally, the Tafel data were reproducible between
independent and sequential measurements and displayed no
significant hysteresis (Figures S1, S2, S3, and S4), and CVs
recorded after Tafel data collection show no stripping features
(Figures S25 and S26), establishing that the electrodes were
not subject to transient activation or deactivation over the
course of data collection. The measured current densities were
also invariant with the strength of the supporting electrolyte
(Figure S21), indicating that they were not augmented by
artifacts arising from diffuse double layer effects.47 The lowest
potential of Tafel data collection was 0.19 V beyond the
thermodynamic potential for H2 evolution from TEAH+ in
CH3CN,

48 ensuring that HER was effectively irreversible under
the conditions of data collection, and that the back reaction (H2
oxidation to H+) contributed negligibly to the measured
current.

The kinetics of hydrogen evolution on Au electrodes in
acetonitrile were strongly dependent on the concentration of
the trialkylammonium proton donor. For both TEAH+ and
DIPEAH+, we observed a fractional reaction order of ∼0.5 for a
concentration range that spanned more than 1 order of
magnitude (Figure 3). CVs at various concentrations confirmed
the 0.5 order (Figures S9−S12). The structure of an
electrochemical double layer is complex, so each component
of the double layer was investigated independently to
determine which species influenced the rate of HER. Although
trialkylammonium ions may associate with their corresponding
conjugate bases through an H-bond bridge, all data were
collected under conditions of excess acid concentration,
ensuring that, in spite of any homoconjugation equilibria, a
large concentration of unassociated acid was available for
proton delivery to the surface. In the presence of excess acid,
the Tafel data were independent of the concentration of the
conjugate base (Figures S22 and S23), indicating that
homoconjugation did not impact the rate of HER catalysis.
Additionally, the independence of the catalytic current on the
base concentration indicates that physisorption or chemisorp-
tion of the base to the surface, if operative, did not influence the
rate of HER. The CH3CN used in these experiments was
purified and dried prior to use by passing it through a Glass
Contour Solvent Purification System, and the residual water
concentration was found to be 7 ppm by Karl Fischer titration.
In situ IR spectroscopic studies have shown that water adsorbs
to Au and Pt electrodes even at ppm concentrations in
CH3CN, suggesting that water may be adsorbed to the
electrode under the conditions of this study.49−52 However,
the addition of 30 ppm water to our electrolyte was found to
have no effect on the rate of catalysis, suggesting that water
adsorption to the surface, if operative, also does not affect the
rate of HER (Figures S27 and S28). As highlighted above, the
reaction order in proton donor was insensitive to the
concentration of supporting electrolyte (Figure S21), indicating
that migration effects due to the interfacial electric field did not
influence the data.45 Taken together, these observations suggest
that the fractional reaction order in proton donor is a reflection
of the intrinsic kinetics of this reaction. Thus, we write the
following empirical rate law:

= α+j k e[TEAH ] EF RT
0

0.5 /
(2)

where j is the measured steady state current density, k0 is a
potential-independent rate constant, E is the applied potential,
α is the experimental transfer coefficient for the reaction, F is
Faraday’s constant, R is the gas constant, and T is the
temperature.
The experimental rate law is similar in form irrespective of

the nature of the proton donor and provides the basis for
constructing a mechanistic model for HER under these
conditions. On the basis of the calculated adsorption energy
of 0.39 eV for H atoms on Au surfaces5 and the measured
thermodynamic potential for HER from TEAH+ in CH3CN,

48

the thermodynamic potential for the formation of the Au−H
bond under our experimental conditions is −1.49 V vs Fc+/Fc,
which is beyond the range of Tafel data collection for TEAH+

(Figure 2). These thermodynamic considerations, along with
the absence of H-adsorption waves in cyclic voltammograms
(Figure 1), lead us to postulate a catalyst resting state with low
surface coverage of adsorbed H.
The Tafel slope provides information about the steps that

occur from the resting state up to and including the rate-

Figure 5. Potential vs activation controlled current density for
hydrogen evolution catalysis on polycrystalline Au recorded in
aqueous 1 M NaClO4, pH 10.7, electrolyte containing 50 mM
TEA/TEAH+ ClO4 (black) and 50 mM DIPEA/DIPEAH+ ClO4
(red). Tafel slopes were 200 and 220 mV dec−1 for TEAH+ and
DIPEAH+, respectively.
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limiting step. We observed Tafel slopes ranging from 84 to 160
mV dec−1 in acetonitrile, corresponding to transfer coefficient,
α, values ranging from 0.4 to 0.7 (Table 1). These values are

consistent with rate-limiting one-electron transfer from the
catalyst resting state,53 which for HER corresponds to rate-
limiting CPET.54 In situ infrared (IR) spectroscopy indirectly
supports a mechanism involving a low population of Au−H and
rate-limiting CPET; although Pt−H bonds have been observed
in in situ IR studies,55−57 to our knowledge, surface Au−H
bonds have never been observed. Although the reaction order
in proton donor is expected to be unity for rate-limiting CPET,
fractional orders have been observed in HER electrocatalysis
and have been attributed to adsorption phenomena,58,59 which
we do not believe to be operative in this case due to the
independence of HER activity on base concentration (Figure
S18 and S19). In this case, the fractional order is difficult to
explain from experimentally attainable information. It may arise
from a nonlinear scaling of the proton donor activity at the
interface relative to changes in its bulk concentration, although
the precise physical phenomenon leading to an apparent half-
order is unknown. We do note that all other sequences would
be expected to give rise to reaction orders of 2 (see SI for
analysis of possible mechanistic pathways). Together, the data
point to the following mechanistic model:

* + + → ‐ ++ −Step 1: Au BH e Au H B
k1

‐ + + → + + *

‐ → + *

+ −Step 2: Au H BH e H B Au

or 2Au H H 2Au
2

2

Au* denotes only the active sites on the surface of a
polycrystalline Au electrode; it does not refer to Au sites that
are passivated with kinetically inert species or are otherwise
catalytically inactive.
For this sequence, the reaction velocity, v, at steady state can

be described by the following rate expression:

ν θ= β
*+Fk a e2 ( ) EF RT

1 BH Au
/

(3)

where k1 denotes the potential-independent rate constant for
the CPET step, aBH+ is the activity of proton donor in the
electrochemical double layer, and θAu* is the surface
concentration of Au active sites (ΓAu*, in mol/cm2) divided
by the total surface concentration of Au atoms (Γmax). The
exponential term in eq 3 describes the relationship between
applied potential and reaction rate for a one-electron
irreversible charge transfer step in which β is the symmetry
factor. Given the low coverage of Au−H species, θAu* can be
taken as a constant close to unity. Under these assumptions, the
rate expression is similar in form to the empirical rate law, apart
from a suppressed reaction order in proton, and the empirical
transfer coefficient, α, equals the symmetry factor for an
irreversible one-electron transfer step, β.

Since the kinetic behavior of both proton donors is most
consistent with rate-limiting CPET to the electrode for HER,
we can directly compare the catalytic activity of the two donors
to determine the effect of steric profile on a substrate’s ability to
donate a proton to an electrochemical interface. TEAH+

exhibited higher HER catalytic activity than DIPEAH+ at all
measured potentials. This result is readily visualized in the CVs
(Figure 1). At the lowest potential probed, −1.32 V vs Fc+/Fc,
the activities of the two donors differed by a factor of 2.5,
whereas at −1.47 V vs Fc+/Fc, the rate of HER from TEAH+

was 20-fold greater than the rate of HER from DIPEAH+. Since
both molecules have pKa values of 19 in acetonitrile, this
activity difference is likely due to a difference in kinetic barriers
rather than a difference in driving force. This observation is
consistent with previous studies (and our chemical intuition)
that have shown that the preexponential term is correlated to
the distance between an ammonium proton donor and
acceptor.60 Put simply, the less sterically encumbered proton
donor delivers protons to the electrode surface more rapidly.
Interestingly, the two proton donors gave rise to dramatically

different Tafel slopes, leading to a potential-dependent
difference in HER activities. This proton donor-dependent
Tafel behavior is reflective of the strong dependence of β on
the structure of the proton donor. However, the observed range
of β values is not readily explained by current theories of
interfacial charge transfer. For an outer-sphere electron transfer,
a Marcus-type model can be applied to derive the following
analytic expression for the symmetry factor:47

β δ
δη

η η λ λ
λ

η
λ

= − − + = −
F

F F F1 ( 2 )
4

1
2 2

2 2 2

(4)

where λ is the electron transfer reorganizational energy, η is the
overpotential for the rate-limiting CPET step, and the other
symbols adopt their normal meanings. If η is small relative to λ,
β limits to 0.5, so the expected Tafel slopes are 120 mV dec−1.
Although Marcus theory was originally developed to describe
outer-sphere electron transfer, empirically, HER with rate-
limiting inner-sphere one-electron transfer steps also tends to
exhibit symmetry factors close to 0.5 in aqueous media.54

Previously, when inner-sphere electron transfer coefficients
have deviated from 0.5, it has been attributed to factors
unrelated to λ. They are most often attributed to variations in
charge distribution in the double layer.61 While this factor
undoubtedly plays a role in determining the rate of interfacial
electron transfer, in our experimental conditions, the double
layer consisted primarily of TBA PF6 in both cases. In the case
of ET from an Os aquo complex tethered to a Au electrode,
computations suggested that the deviation from 0.5 for β was
due to a potential-dependence in the equilibrium distance
between the molecule and the electrode.22,62 We rule out this
phenomenon as the sole explanation for the difference in β
observed here because it is unlikely that two similar
trialkylamines would have opposite potential-dependent
equilibrium distances from the electrode. Instead, we postulate
that the difference in β arises from differences in the structure
of the proton donor itself.
Our experiments allow us to explicitly examine the

dependence of β on proton donor structure. Previous studies
of driving force/rate relationships for proton transfers, hydride
transfers,63 hydrogen atom transfers,64 and other PCET
reactions21,65 typically apply the Marcus cross relation to a
series of donor−acceptor pairs rather than a direct measure-

Table 1. Tafel Slope and Transfer Coefficient for Hydrogen
Evolution from Each Proton Donor Measured in CH3CN

donor Tafel slope (mV dec−1) transfer coefficient (α)

TEAH+OTf− 84 0.7
DIPEAH+OTf− 160 0.4
TEAD+OTf− 120 0.5
DIPEAD+OTf− 150 0.4
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ment of driving force−rate scaling for any individual ion donor.
Indeed, for all of these reactions, changes in the driving force
necessitate changes in the structure of the donor or acceptor,
making this method largely insensitive to small changes in the
CPET transfer coefficient between different molecules. Where-
as electrochemical studies of CPET in molecular systems allow
for independent modulation of the ET driving force, changes in
driving force typically lead to a transition from concerted to
stepwise PCET, making it difficult to extract a transfer
coefficient for the former. Indeed, this experimental challenge
has led to the widespread assumption that β = 0.5 when
modeling experimental voltammetry data for outer sphere
CPET systems.66 Here, we observe large deviations from β =
0.5 based on the structure of the donor, suggesting that this
assumption may not apply in all cases and that a simple
Marcusian approximation of the kinetics of inner sphere CPET
processes is insufficient.
Importantly, β is dependent not only on the structure of the

proton donor but also on the nature of the atom being donated
to the electrode. In the case of TEAH+, when the H atom was
replaced with a D atom, we observed a dramatic change in Tafel
slope from 84 to 120 mV dec−1, corresponding to a change in β
from 0.7 to 0.5. The differing Tafel slopes led to a potential-
dependent kinetic isotope effect ranging from 4.9 to 19 (Figure
4). In contrast, when DIPEAH+ was the proton donor, we
observed no significant difference between HER activity and
DER activity, suggesting a KIE of <2. PCET processes are
known to display H/D KIE ranging from <2 to >450, and our
current level of understanding makes it difficult to predict
which systems will exhibit large KIE values and which will
not.25,67 However, studies typically evaluate KIE at a single
driving force, and the few that have examined driving-force
dependent KIE also observe a positive correlation between the
two.60 Computed KIE values for molecular systems rely
primarily on proton potential energy surfaces and probability
distribution functions, and predict a negligible difference in
solvent reorganization energy for H and D;24 however, KIE
values for interfacial CPET have not been computed. Our
measurements suggest that the magnitude of interfacial KIE
values are also strongly dependent on the reaction free energy.
Notably, the donor dependence of β is also strongly

influenced by the electrolyte environment. In aqueous
electrolyte, in which water can act as a proton donor, there is
a negligible difference in HER activity and Tafel slope between
TEAH+- and DIPEAH+-buffered solutions across all measured
potentials, suggesting that the ammonium salt no longer
interacts directly with the electrode to form the Au−H bond.
Instead, it appears that H2O mediates the transfer of protons to
the Au surface, analogous to what is observed in molecular
systems in which water has been shown to play an essential role
in promoting CPET pathways.68

■ CONCLUSION
We have demonstrated that the rate of CPET to a Au electrode
in acetonitrile is strongly dependent on the molecular structure
of the proton donor. The less bulky donor, TEAH+, was found
to have higher HER activity at all measured potentials than the
bulkier DIPEAH+. Additionally, both the steric profile of the
donor and the nature of the atom being donated (H or D) were
found to affect the electron transfer coefficient, β. These factors
led to donor-dependent Tafel slopes and driving force-
dependent H/D kinetic isotope effects. In contrast, in aqueous
media, we observed no significant difference in HER activity or

transfer coefficient between the two ammonium proton donors,
suggesting that H2O effectively mediates interfacial CPET and
relaxes the structural requirements for facile PCET to electrode
surfaces.
The significance of these results is two-fold. The strong

dependence of β on the molecular structure and identity of the
proton donor suggests that there remains a lack of under-
standing of the free-energy landscape for interfacial ion transfer
processes. Additionally, the strong dependence of interfacial
CPET on proton donor structure suggests that suitably
designed acids can be used to direct the selectivity of interfacial
reactions, particularly in aprotic electrolytes. Likewise, the
results suggest that water’s unique role as a promiscuous proton
donor68 must be managed in order to direct multielectron
reaction selectivity in aqueous electrolytes.
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(42) Kaljurand, I.; Kütt, A.; Sooval̈i, L.; Rodima, T.; Maëmets, V.;
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