
20838 |  Phys. Chem. Chem. Phys., 2025, 27, 20838–20853 This journal is © the Owner Societies 2025

Cite this: Phys. Chem. Chem. Phys.,

2025, 27, 20838

Quantum tunneling dynamics in the Ni+-mediated
C–H activation of acetic acid

Gabriele Pinto, Hamed Barzinmehr, Simon U. Okafor, William Smith,
Michael Brdecka, Katie L. Benjamin, Michael Gutierrez and Darrin J. Bellert *

The mechanistic and dynamic properties of the Ni+ mediated reaction with CH3COOH and its

perdeuterated isotopologue are presented. Microcanonical kinetic measurements are made in the gas

phase with the energy- and time-resolved single photon initiated dissociative rearrangement reaction

(SPIDRR) technique and these are complemented with density functional theory (DFT) and multi-

reference (MRCI) calculations. Experimental and theoretical evidence indicates that the formation of

three product pairs – Ni(C2H2O)+ + H2O, Ni(CH4O)+ + CO and Ni(H2O)+ + C2H2O – are rate limited by

C–H bond activation. Measurements of rate-limiting microcanonical k(E) rate constants are made over

the 15 000 cm�1 to 20 000 cm�1 (180–240 kJ mol�1) energy range where a transition from quantum

mechanical tunneling to over-barrier reaction control is observed. Rate constants, where quantum

mechanical tunneling (QMT) primarily contributed to their magnitudes, possessed a large H/D QMT

kinetic isotope effect (KIE = 19.0 � 3.2) consistent with the expectations of QMT. Surprisingly, QMT rate

constants in the tunneling energy regime were nearly energy independent and appear to extrapolate to

very low energies. Applications of tunneling corrections to RRKM (Rice–Ramsperger–Kassel–Marcus)

calculated rate constants failed to describe this unexpected QMT behavior. It is proposed that the Ni+

cation’s electronic structure may promote QMT by providing bonding schemes where the proximity of

organic fragments increase QMT probability. Such structures are proposed to exist along the multi-

dimensional PES, providing tunneling pathways with reduced barrier widths and consequent energy

dependence. These results highlight quantum dynamic properties of Ni+ ions in C–H bond activation

reactions, an important step towards understanding the metal’s ability to promote catalysis at low energy.

1 Introduction

Heterogeneous catalysis is an essential feature in modern
industrial chemistry, enabling efficient and selective reactions
with a wide range of applicability. These catalysts operate at
solid–gas or solid–liquid interfaces, offering advantages such as
recyclability, stability, and ease of separation. Heterogeneous
catalytic activity is largely dictated by the surface defects of the
solid phase. At these sites, the unsaturation and accessibility
of surface metal atoms make them electronically distinct from
the bulk, priming them for catalytic activity by their bonding
interactions with a substrate.

Unsaturation, accessibility, and quantized electronic struc-
ture are properties that are further exploited by recent advances
in single-atom catalysts1–9 and nanoparticles.2,10–18 Scaling down
the catalytic active site from surface defects to nanoparticles or
even a single atom has further enhanced heterogeneous cata-
lytic efficiency by optimizing metal utilization and providing

well-defined active sites. As technology continually miniaturizes
the solid phase, it becomes evident that quantum mechanical
properties will play increasingly crucial roles in the improvements
of modern catalysts.

Understanding the contributions of quantum dynamic pro-
cesses to catalysis and bond activation is, however, a challen-
ging task, as those non-classical phenomena take place in
classical environments during the catalytic process. Fortu-
nately, the unsaturation and accessibility of metal ions in
heterogeneous catalysis are qualities shared with support-free
metal ions participating in gas-phase reactions. Gas phase
studies may therefore serve as valuable tools for understanding
catalytic mechanisms and dynamics free from solvation and
transport interferences. Thereby the effects of quantum phe-
nomena on the catalytic function and dynamic properties of the
metal may be appropriately elucidated.

Among transition metals, nickel (Ni) is widely employed
in homo- and heterogeneous catalysis due to its exceptional
catalytic versatility in carbon bond activation reactions, includ-
ing olefin polymerization,19–23 metathesis cycloaddition,24–31

methanation,32–38 carboxylation,39–45 and transamidation.46–52
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For instance, Ni nanoparticles supported on TiO2 are extensively
used in cross-coupling reactions,17,18,53 U3O8-supported Ni catalysts
efficiently convert CO2 in methanation,54 and zeolite-supported Ni
catalysts demonstrate superior selectivity in ethanol to hydrocarbon
conversion.55 The catalytic versatility of Ni in carbon bond activa-
tion reactions makes it a subject of interest to study the effects of
quantum dynamics on reaction rates and catalytic efficiency.

In this work, the reaction between bare Ni+ ions and
CH3COOH is investigated using the single photon initiated
dissociative rearrangement reaction (SPIDRR) technique,56

enabling the measurement of microcanonical rate constants in
an environment free of collisions and other reaction-perturbing
effects. In the nominal reaction, Ni+ participates in selective C–C
and C–H bond activations through an oxidative addition/reductive
elimination (OA/RE) sequence. CH3COOH serves as the ideal
organic substrate because of the presence of both methyl and
carboxylic hydrogens, providing a single source of C–H bond
activation and two distinct candidates for selective D-labeling.

QMT has been shown to significantly influence C–H bond
activation rates in both heterogeneous and enzymatic cata-
lysis.57,58 However, the specific roles that transition metals play
toward influencing QMT remains largely unexplored. This is
likely due to experimental challenges associated with isolating
such contributions as this demands specialized instrumenta-
tion. The SPIDRR technique was developed with the requisite
high energy and temporal resolution required to confidently
interpret such metal facilitated QMT phenomena. In fact,
SPIDRR has been previously employed to measure rates of
QMT in the microcanonical, Co+ mediated decomposition of
acetic acid and acetaldehyde.59,60

In this study, the microcanonical kinetics of Ni(CH3COOH)+

decomposition and its perdeuterated isotopologue CD3COOD
are measured, and significant tunneling is identified through
measurement of a high kinetic isotope effect (KIE). We hence-
forth provide experimental evidence of the mechanistic steps in
the reaction, of rate-influencing potential energy surface (PES)
features, and of efficient QMT with surprising rates of 4105 s�1

which appear nearly energy independent.
By integrating experimental and computational approaches,

this study deepens our understanding of nickel’s role in C–H bond
activation, especially in facilitating QMT. Comparison between
gas-phase experiment and computational results at different levels
of theory will further provide an ideal arena to refine computa-
tional models. These insights may help explain the catalytic and
enzymatic activity of Ni+ and inform the design of next-generation
heterogeneous and biomimetic catalysts with improved activity,
selectivity, and efficiency for various chemical applications.

2. Procedure
2.1 Experimental procedure

A detailed explanation of the technique and instrument has
been previously published.56 SPIDRR kinetic measurements are
performed under high-vacuum (B10�3 Pa) within a 120 L
expansion chamber that is orthogonally coupled to a 186 cm

time-of-flight mass spectrometer (TOF). The Ni+ ions are gen-
erated in the expansion chamber by ablating a rotating nickel
rod using focused 15 mJ pulsed 532 nm output from
a frequency-doubled Nd-doped yttrium aluminum garnet
(Nd:YAG) laser.

The Ni+ ions are entrained in a pulsed helium supersonic
expansion seeded with the vapor pressure of CH3COOH or its
perdeuterated isotopologue. The metal ions and organic mole-
cules collide and react to form the various cationic complexes
shown in the lower panel of Fig. 1. These ions are subsequently
cooled in the adiabatic jet expansion. The translational tem-
perature of the Ni(CH3COOH)+ cluster is 50 mK as determined
from fits of its measured velocity distribution within the beam
(Fig. SI-1).

Effective vibrational cooling is indirectly assessed by doping
the expansion with small amounts (1–2%) of CH4 gas.61–64

Doping small quantities of polyatomic molecules into the
expansion increases the efficiency of vibrational cooling
through collisional energy transfer to the CH4’s vibrational
modes. Agreement between measured rate constants under
CH4-doped and neat (undoped) expansion conditions suggests
efficient vibrational cooling under both expansion conditions
(see Fig. SI-2 for a comparison at 17 500 cm�1 laser energy for
Ni(CH3COOH)+ - Ni(H2O)+ + C2H2O rearrangement reaction).
The large spin–orbit coupling in the Ni+ ion65 ensures that no
electronic metastable precursors exist in the molecular beam,
thus ensuring electronic cooling. Electronic and vibrational

Fig. 1 TOF-MS of the ions in the supersonic expansion (lower black
trace), with overlaid MS of the rearrangement reaction products of the
Ni(CH3COOH)+ encounter complex: Ni(CH4O)+ (purple), Ni(H2O)+ (green)
and Ni(C2H2O)+ (blue). Transmission voltages (SV) through the hemisphe-
rical sector and exit channel fractions (ECF) are provided. Inset: Fragmen-
tation pattern of Ni(C2H2O)+ mass peak resulting from photolysis of the ion
by a focused 355 nm photon beam.
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cooling preserves the microcanonical environment of SPIDRR
measurements, allowing us to approximate the internal energy
of the precursor at the absorbed photon’s quantum.

The jet-cooled species are extracted from the He expansion
into the TOF by voltage pulse to an orthogonal accelerator
(OAc). The cations, including the electrostatically bound pre-
cursor or reactant complex (RC), Ni(CH3COOH)+, are accelerated
to the same kinetic energy and separated by mass according
to their flight time. Dissociation products generated within
the field-free region of the TOF are separated by transmission
through a voltage-tuned hemispherical analyzer following their
free flight. Hence, product arrival time at the Chevron micro-
channel plate (MCP) detector is determined by the RC mass,
while the transmission voltage (SV) selects the product disso-
ciated within the TOF. The laser-initiated dissociative rearrange-
ment kinetics are studied by energizing the RC in the expansion
with the output of an Nd:YAG-pumped tunable dye laser.

The ground and electronic excited states of the electrostati-
cally bound RC are best described as combinations of the
ground and low-lying atomic states of Ni+ with the ground
electronic state of CH3COOH (1A0). In such fashion, we identify
the RC ground state66 as Ni+(2D, 3d9)�CH3COOH. The Ni+ is
the chromophore which absorbs a photon’s quantum in the
15 000–20 000 cm�1 (180–240 kJ mol�1) energy range, exciting
the doublet ground state of the RC to an excited doublet.
The likely electronic transition is Ni+(2F, 3d84s)�CH3COOH ’

Ni+(2D, 3d9)�CH3COOH. The transition is spin-allowed but parity
forbidden, with a TD-DFT computed oscillator strength of
5.985 � 10�6. Few of the RC molecules will absorb the photon,
and because of the low transition probability, the excited 2F
population will not appreciably decay by emission before
entropically-driven internal conversion (IC) takes place.

The ground state binding energy of the electrostatic
2Ni(CH3COOH)+ complex is 21 821 cm�1 (261 kJ mol�1), calcu-
lated with basis set superposition error corrected DFT (B3LYP/
def2-tzpv). Given that the spin–orbit averaged Ni+(2F, 3d84s) ’
Ni+(2D, 3d9) atomic promotion energy is B13 550 cm�1

(162 kJ mol�1), the vibrational states of the excited electronic
Ni+(2F, 3d84s)�CH3COOH state exists in effective degeneracy
and overlap with the high vibrational levels of the ground
Ni+(2D, 3d9)�CH3COOH state. Over the energy range of our
measurements, the ground: excited vibrational density of states
ratio is 105–108 (see Fig. SI-3). Hence, entropically driven IC
should immediately follow photon absorption as the vibronic
RC energy is redistributed from the relatively sparse vibrational
states of the excited doublet into the much denser excited
vibrational states of the ground RC entrance well. Moreover,
the electronic coupling between these states may be gauged
by photodissociation action studies of simpler Ni(L)+ species
(L = Ar, CO2, H2O) where vibronic resonances have been
resolved.67–69 The action that permits detection in these studies
is the vibronic coupling between the excited bound state and a
repulsive state that ultimately couples into the dissociative
continuum of a lower PES. The upper state lifetime is very
short with dissociation occurring within a microsecond follow-
ing photon absorption. This suggests strong electronic

couplings between states that would extend to larger, more
complex systems.

Following IC internal vibrational redistribution (IVR) occurs
on the nanosecond scale to distribute the supplied photon
energy across the dense vibrational states (1010–1012 states cm�1).
Each of these states is described by a combination of 21 vibra-
tional quantum numbers, which changes with system energy.
Thus, there exists an everchanging distribution of vibrational
quantum states in the ground electronic state as the energy
content to the system is modified.

The RC is thus prepared with a resolved high-vibrational-
energy content to proceed along reactive pathways on the
ground state PES. This process can be summarized as:

Niþ 2D; 3d9
� �

� CH3COOH; ground vibrational �!hn

Niþ 2F; 3d84s
� �

� CH3COOH; excited vibrational �!ðaÞIC
ðbÞIVR

Niþ 2D; 3d9
� �

� CH3COOH; high vibrational

����!OA=RE
Rearr: Products

The short time scale of the electronic processes provides
a resolved start time for the reaction, which is rate-limited by
the kinetics of nuclear motion within the OA/RE sequence.
Moreover, due to the collision-free trajectories of the RC ions
in our system’s high vacuum and the efficient jet cooling, the
internal energy of each ionic complex is determined by the
absorbed photon’s energy. This ensures that microcanonical
rate constants are measured at highly resolved energies.
We emphasize that temperature is not defined in the photo-
excited microcanonical system as the energy content is not
determined by a Boltzmann distribution. Instead, energy is the
controlled variable and these unique defining characteristics of
the SPIDRR technique provides the requisite high time and
energy resolution to confidently interpret dynamics.

Single photon absorption initiates chemical reactions in the
SPIDRR technique and is validated through the measured
linear dependence of a rearrangement product’s intensity on
laser fluence (Fig. SI-4). Multi-photon absorption processes
excite the RC to energies above the cluster dissociation limit.
Such occurrences do not interfere with our kinetic measure-
ments as the RC dissociates into its electrostatic components as
opposed to its OA/RE rearrangement products.

Reaction initiation time is controlled by timing when the
laser pulse intersects the cold molecular beam. The dissociative
rearrangement reaction is thereby initiated prior to accelera-
tion into the TOF chamber. This effectively reduces the number
of RC molecules that will form products within the TOF.
SPIDRR signal, SSPIDRR, is measured as the product voltage
detected at the MCP and is therefore proportional to the
number of product cations formed within the field-free region
of the TOF. This depends on the delay t between the reaction
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initiation and orthogonal acceleration according to eqn (1):

SSPIDRR / P t¼ tj jþaþDð Þ � P t¼ tj jþað Þ ¼
ð tj jþaþD

tj jþa

dP

dt
dt / e�k tj j (1)

Here, D represents the time spent in the field-free TOF and
a denotes the time spent by the RC in the OAc. In general,
the maximum SPIDRR signal is produced at t = 0. dP/dt is
proportional to RC decay and as |t| increases, more RC
molecules decay into products prior to orthogonal abstraction.
These products are not detected within the RC time-gate and do
not contribute to product yields. The result is that the SPIDRR
signal decreases exponentially, with the limiting rate constant
determined by fitting SSPIDRR(t) to exponential functions
(eqn (1)).

Measurements of the Ni+ mediated dissociative rearrange-
ment of CH3COOH were repeated at various activating photon
energies, selected by tuning the output frequency of the dye
laser. Laser fluence, and consequently SPIDRR signal intensity,
depends on the dyes’ wavelength-dependent conversion effi-
ciency. This hinders measurements for some of the less intense
reaction products at specific energies. Furthermore, SPIDRR
measurements were repeated with the isotopically labeled
species CD3COOD. Microcanonical rate constants k(E) for both
isotopes were obtained and the KIE (kH/kD) determined. These
measurements allowed us to measure reaction rates k(E),
elucidate the reaction mechanism, and quantify the contribu-
tion of QMT in the titular reaction.

2.2 Computational methods

Structures for the RC, products and suggested intermediates
and transition states were optimized using density functional
theory (DFT) at the B3LYP level with the def2-TZVP basis set
in Gaussian 16.70 Frequency calculations at the same level
confirmed the nature of stationary points (minima or transition
states). Rice–Ramsperger–Kassel–Marcus (RRKM) calculations
with Wentzel–Kramers–Brillouin (WKB),71,72 small curvature
(SCT)73–75 and large curvature (LCT)75–80 tunneling corrections
were also performed. These used the vibrational frequencies
computed at the DFT level. Additionally, multireference
CASSCF/CASPT2 (complete active space self-consistent field)81

single-point corrections were performed with the def2-TZVP
basis set in ORCA,82,83 with active spaces determined from
RI-MP2 (Resolution of Identity Second-Order Møller–Plesset
Perturbation Theory)84 natural orbital occupation analysis. This
resulted in an active space of 8 orbitals occupied by 9 electrons.

To ensure that the DFT geometries are appropriate for
multireference single-point refinements, we compared the
B3LYP/def2-TZVP and CASSCF(9,8)/def2-TZVP optimized TS3

structures, obtaining a root-mean-square deviation of 0.115 Å.
This close agreement demonstrates that the two optimization
levels describe essentially the same transition-state geometry,
and that the CASPT2 refinement is being performed on a
physically meaningful structure.

3 Results
3.1 Experimental determination of reaction mechanism

3.1.1 Supersonic expansion MS. Fig. 1 presents the experi-
mental investigations of the reaction mechanism by three
distinct mass spectrometric techniques. First, the bottom trace
in Fig. 1 presents the TOF mass spectrum showing the dis-
tribution of ions generated by the interaction of the Ni+ ions in
the laser vaporization source with CH3COOH molecules and
entrained in supersonic expansion. These ionic species are
extracted from the molecular beam and accelerated by the
OAc, which imparts a set amount of translational kinetic energy
to the ions. The voltage difference applied to the halves of the
hemispherical sector allows transmission of the ionic species
traveling with this full kinetic energy. The major ions identified
in the expansion are the bare 58Ni+ and 60Ni+ atomic ions, the
reactant complex Ni(CH3COOH)+, the reaction products Ni(H2O)+

and Ni(C2H2O)+, and lastly the dimer Ni(CH3COOH)2
+. We note

that the intensity of the 60Ni(CH3COOH)+ cluster is artifi-
cially reduced from its natural abundance due to the MCP
recovery time.

3.1.2 Products MS. The RC in these kinetic studies is the 58
and 60 isotopes of the Ni(CH3COOH)+ monomer. Time-gating
over its arrival time at the MCP and scanning the voltage
difference across the hemispherical sector allows the determi-
nation of the RC’s dissociation product masses. These arrive at
the MCP at the same time as the RC but are transmitted at
different SV. The mass spectra of the Ni+(CH3COOH) photo-
initiated reaction products, measured at a laser energy of
16 600 cm�1 and at their optimal transmission SV, are shown
in Fig. 1 as the colored traces. The acquisition of product mass
spectra represents the second method used to suggest a reac-
tion mechanism. The reaction products are the 58 and 60
isotopes of Ni(H2O)+, Ni(CH4O)+, and Ni(C2H2O)+ and are
represented respectively in purple, green and blue. Product
ion intensities are determined by summing the integrated
Gaussian fits for each 58 and 60 isotopes of each product
measured at t = 0. Product exit channel fraction (ECF) is
determined through ratios of the integrated product intensi-
ties. The ECF for these products (40 : 10 : 50 ordered by mass) is
the same at all measured photon energies. The measurements
presented as the colored traces in Fig. 1 indicate the following
reaction channels with rearrangement products assigned:

(R1)

Analogous products are measured for the 58 and 60 isotopes of
the Ni+ mediated rearrangement of the CD3COOD isotopolo-
gue. The corresponding change in transmission voltage for the
isotopically labeled products is consistent with the assigned
product identities. Dissociation of Ni(CD3COOD)+ proceeds
with (30 : 10 : 60) ECF, indicated as low to high product mass,
and again consistent through all measured energies (Fig. SI-5).
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3.1.3 Photolysis. We employ photolysis of specific mass
spectral features as a third technique that informs the reaction
mechanism by suggesting product structure.85,86 The lowest
trace of Fig. 1 shows two mass peaks between the Ni+ atom and
the Ni(CH3COOH)+ species. These mass peaks are assigned as
Ni(H2O)+ and Ni(C2H2O)+. Interestingly, these species are the
two most intense products from the photon initiated, Ni+

mediated decay of CH3COOH (blue and green traces in Fig. 1
and reaction (R1)). This leads us to believe that the Ni(H2O)+

and Ni(C2H2O)+ mass peaks evident in the mass spectrum
result from the unquenched reaction of Ni+ + CH3COOH that
occurs in the laser driven source prior to supersonic cooling.
Thus, experiments designed to suggest these species’ structures
in turn suggest the structures of these two products in reaction
(R1). Intense, focused 355 nm laser radiation is timed to photo-
lyze each of these mass peaks just prior to entering the
hemispherical sector. The resulting fragmentation pattern is
determined by scanning the SV to transmit and detect charge
fragments. Predictably, laser photolysis of the mass peak
assigned to Ni(H2O)+ yielded the Ni+ fragment only. More
interesting, however, is laser photolysis of the mass peak
assigned to Ni(C2H2O)+ where the fragmentation pattern is
seen as the inset of Fig. 1. Here, two fragment peaks are
assigned as Ni+ and Ni(CH2)+, suggesting that both CO and
C2H2O are viable leaving groups. This further suggests that the
Ni(C2H2O)+ mass peak (Fig. 1) contains two structural isomers:
the Ni(C2H2O)+ electrostatically bound complex and the
Ni(CH2)(CO)+ carbenoid species. These two isomers likely play
important roles in the mechanism for the Ni+ mediated decom-
position of CH3COOH. This is supported by the DFT calculated
PES for this system which is presented below.

3.1.4 SPIDRR kinetic signature. Fig. 2 presents the kinetic
signature of the formation of three products Ni(CH4O)+,
Ni(H2O)+ and Ni(C2H2O)+, and of their perdeuterated analo-
gues, measured at an activating laser energy of 16 600 cm�1.
The x-axis is the variable t, or the delay between laser initiation
of the reaction and entrance of the RC into the OAc. By
systematically increasing |t|, reduced reaction times are
sampled, resulting in the observed exponential profiles, from
which the rate constants for the dissociative rearrangement of
Ni(CH3COOH)+ and of Ni(CD3COOD)+ are measured. In Fig. 2,
the product intensities are normalized to highlight the agree-
ment between each measured and fitted (solid curve) exponen-
tial profile.

3.1.5 Kinetic model. The formation kinetics of Ni(CH4O)+,
Ni(H2O)+ and Ni(C2H2O)+, crosses, Fig. 2, when independently
fit to a single exponential function, yield rate-determining
reaction rate constants which agree within the error of each
independent fit. The same is true for the formation kinetics of
the deuterated analogs Ni(CD4O)+, Ni(D2O)+ and Ni(C2D2O)+,
circles, Fig. 2. These similarities in each isomer extend to all
laser energies used in this study. This indicates that the decay
of a single reaction intermediate rate limits the formation of
each of these products and that the reaction must trifurcate
following this intermediate’s decay. The simplest kinetic model
to provide such features is presented in Scheme 1. In this

simplistic kinetic model, P1, P2 and P3 represent the three
products, with ECFs determined by ratios of their respective
dissociative rate constants kP1

, kP2
and kP3

, and where a single
rate-limiting step precedes reaction trifurcation. Based on
Scheme 1, the rate law for each product Pi can be expressed
in terms of the rate constants as:

d Pi½ �
dt
¼ A½ �0kRLkPiP

i

kPi � kRL
e�kRLt � e

�
P
i

kPi t
 !

(2)

Integrating eqn (2) between t + a and t + a + D limits obtains the
SPIDRR response function for the t-dependent product inten-
sities SPi

:

SPi
¼ A½ �0kRLkPiP

i

kPi � kRL
� 1

kRL
e�kRL tþað Þ e�kRLD � 1

� ��

þ 1P
i

kPi

e
�
P
i

kPi tþað Þ
e
�
P
i

kPiD � 1

 !! (3)

The SPIDRR measurements in Fig. 2, as well as all other
SPIDRR measurements in this publication, have been fit to

Fig. 2 SPIDRR kinetics measured at an absorbed 16 600 cm�1

(198.6 kJ mol�1) photon energy in the decomposition of Ni(CH3COOH)+

(crosses) and Ni(CD3COOD)+ (circles). The waveforms are simultaneously
fit to a kinetic model which informs reaction mechanism and suggests
dynamics. The resulting rate constants kNi(CH3COOH)+ = 0.2288 �
0.0053 ms�1 and kNi(CD3COOD)+ = 0.0151 � 0.0002 ms�1 represent the decay
of a rate-determining reaction intermediate. Measurements and fits are
normalized for clarity.

Scheme 1
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eqn (3) to extract the rate-limiting rate constants. The resulting
fits are shown in Fig. 2 as the black curves interpolating the
measured data (colored circles and crosses), with the rate-
limiting values of k reported in the caption. The agreement
between the predictions of eqn (3) and the measurements of
Fig. 2 is evident.

3.1.6 Reaction mechanism. A large KIE (kRL
Ni CH3COOHð Þþ

.
kRL
Ni CD3COODð Þþor kH/kD) is manifest in Fig. 2 with magnitude =

15.2 � 0.4. Large KIE magnitudes (Z15) are measured at all the
laser energies used to initiate reactions in this study. A large
KIE indicates that hydrogen transfer rate-limits the reaction
and implicates hydrogen/deuterium QMT, which will be
further discussed below. Given that decomposition of the
Ni(CH3COOH)+ results in the formation of Ni+ bound and free
H2O (green and blue traces of Fig. 1), we conclude that the rate-
limiting step in Scheme 1 is the transfer of a methyl hydrogen
to the acidic oxygen forming either Ni(H2O)+ in one dissociative
pathway or neutral H2O in another. Unexpectedly, since the
formation of all three products is rate-limited by the decay of
the same intermediate, then formation of the minor product,
Ni(CH4O)+ + CO, must also be rate-limited by the methyl to
acidic oxygen H-transfer despite having a structure whose
formation does not require H-motion. These stoichiometric
results, coupled with results from the reaction kinetics and
photolysis experiments, suggest that the reaction must pass

through a single tri-coordinate intermediate from which neu-
tral and stable species are eliminated.

The most probable structure for this intermediate is a
central Ni+ cation bound to neutral CH2, CO, and H2O. This
is considered a product complex (PC) which decays into the
three observed products by elimination of neutral H2O, C2H2O,
and CO. The step that precedes formation of the PC requires
the transfer of a methyl hydrogen to the acidic oxygen consis-
tent with our kinetic results. It is the decay of this key inter-
mediate forming this PC that controls reaction kinetics in this
system. The important steps in the most probable reaction
mechanism are shown in reaction (R2).

(R2)

3.2 SPIDRR measurements of microcanonical rate constants

Fig. 3 (and Table SI-1) presents the microcanonical, rate-limit-
ing rate constants, k(E), extracted from SPIDRR measurements,
performed at absorbed photon energies between 15 500 cm�1

(185.4 kJ mol�1) and 19 800 cm�1 (236.9 kJ mol�1). The rate

Fig. 3 Energy dependence of the unimolecular microcanonical rate constants k(E), measured (blue and red diamonds) for the photon-initiated
dissociative rearrangements of Ni(CH3COOH)+ and Ni(CD3COOD)+ and modeled with RRKM (dashed and dotted curves respectively), with WKB
tunneling corrections calculated on the MEP pathway (Fig. 4). The inset shows the lower energy rate constants and RRKM modeling for the
Ni(CD3COOD)+ isotopologue.
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constants were determined through the simultaneous, unrest-
ricted fitting of the three measured SPIDRR product formation
waveforms to Scheme 1’s kinetic model. The rate constant
values were simultaneously optimized in a squared residual
minimization routine from the predictions of eqn (3). This
yielded four rate constants per absorbed photon energy for
each isotopologue. The values of kP1

–kP3
yielded ratios consis-

tent with the ECFs and were of such magnitude not to influence
the reaction rates. The results of this analysis are the three solid
curves in Fig. 2.

The rate-limiting rate constant k(E) for the dissociation of
Ni(CD3COOD)+ (red diamonds, Fig. 3) only slightly increases
over a large (15 500–18 800 cm�1) energy interval, retaining
values of (0.010–0.015) ms�1 (see Fig. 3 inset). The reaction rate
constants’ energy dependence appears linear over this wide
energy range with a near zero slope suggesting that the rate-
limiting step in the rearrangement reaction is largely indepen-
dent of system energy within this range. However, a significant
3� increase in kRL is recorded once the Ni(CD3COOD)+ RC
absorbs a 19 100 cm�1 quantum, an increase in the system’s
energy content of only 300 cm�1 from its previous measure-
ment. Absorption of an additional 700 cm�1 of energy increases
the reaction rate constant to 0.13 ms�1, a factor of 10 increase
over the linearly dependent rate constants measured at low-
energy in this system (Fig. 3). Likewise, similar kinetic behavior

is measured in the lighter Ni(CH3COOH)+ isotopologue (blue
diamonds, Fig. 3). The rate constants near energy independent
range extends from 15 500 cm�1 to 18 400 cm�1, with the rate
constants retaining values B0.25 ms�1. However, once the
Ni(CH3COOH)+ absorbs an 18 800 cm�1 quantum, the rate-
limiting reaction rate constant increases to 0.42 ms�1, B1.5�
greater than its previous value. We acknowledge that this high-
energy measurement in the Ni(CH3COOH)+ system has a larger
error relative to other measurements as this rate constant’s
magnitude is approaching the upper limit to the dynamic range
of our technique.

We consider the energies where the microcanonical rate
constants’ energy dependence rapidly increases, 18 800 cm�1

and 19 100 cm�1 for Ni(CH3COOH)+ and Ni(CD3COOD)+ respec-
tively, as threshold values associated with a rapidly changing
kinetic competition. We believe that the underlying reaction
dynamics responsible for such thresholds is a central outcome
of this study. Our interpretation of this system’s reaction
dynamics is presented in Section 4.

3.3 Computational results

The reaction mechanism was computationally studied using
DFT as described in Section 2.2. The zero point energy (ZPE)
corrected ground doublet PES is provided in Fig. 4. We define
zero as the RC energy as the reaction begins here and continues

Fig. 4 PES for the titular reaction, complete with key intermediate (INT) and transition state (TS) structures and ZPE-corrected energies, optimized by
DFT at B3LYP level with the def2-tzvp basis set (solid line). Single-point MRCI energy corrections on the stationary structures between RC and PC2 by
CASSCF/CASPT2(9,8) are also shown (dashed line). MRCI energies representing sums of molecular energies are marked with an asterisk (*). They are
calculated with different CASs than (9,8) as determined by RI-MP2 because of the different electron count. CH3COOH energy is calculated with a (6,6)
active space, Ni+ ion energy with (5,9), H2O with (4,4), CO with (6,4), and C2H2O with (6,6) active space. These are consistent with simple, neutral organic
molecules having limited energy contributions from electronically excited states. A reproduction of Fig. 4 with reported energies converted to kJ mol�1 is
included as Fig. SI-6.
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to the right following photon absorption. The Ni+ cation
approaches TS1 and activates a C–OH bond to form the first
reaction intermediate, INT1. Activation of the C–CH3 bond was
computationally explored but resulted in a significantly larger
barrier than TS1 and would therefore be uncompetitive in this
reaction. The C–Ni–O bond rotates to form TS2 which brings
the methyl group into proximity with the Ni atom.

Transfer of this methyl group onto the Ni atom results in the
reaction’s second intermediate, a tricoordinated Ni species,
INT2. The INT2 geometry places the OH and CH3 functional
groups at adjacent positions on the Ni atom with O–Ni–C bond
angle of 149.55 degrees. The highest barrier in this reaction is
TS3 which decreases the O–Ni–C bond angle to 76.58 degrees,
facilitating the transfer of a methyl hydrogen onto the OH
group. Intermediate 4 is the tricoordinated PC1 which binds
neutral H2O and CO to the Ni atom within a Ni(CH2)+ cation.
Release of CO generates the minor Ni(CH4O)+ product and this
product structure may be responsible for the observed Ni(CH2)+

photolysis product (see Fig. 1, Section 3.1.3). However, this
pathway competes with a further rearrangement of PC1 into PC2

over TS4. Carbon–carbon bond coupling between the CO group
and the CH2 carbenoid (TS4) is favorable (13 918 cm�1,
38.79 kcal mol�1) relative to CO elimination (17 917 cm�1,
51.23 kcal mol�1). This leads to the formation of a second
product complex (PC2) from which dissociation of neutral
species H2O or C2H2O generates the final products. The calcu-
lated energy ordering of the products (ENi(C2H2O2)+ o ENi(H2O)+ o
ENi(CH4O)+) is consistent with measured ECF yields.

The DFT calculated reaction pathway of Fig. 4 effectively
reduces to an OA/RE sequence. However, despite experimental
agreement with portions of the mechanism, the DFT energies
appear only relatively correct. For example, the rate-limiting TS3

energy is far greater than the threshold energies measured in
Fig. 3, and is even higher than the energy of the separated
reactants. The ground state of open shell transition metals are
often formed as a superposition of low energy, nearly degen-
erate states and are thus multiconfigurational. Single Slater
determinant techniques, as DFT, often fail to describe the static
electron correlation attributed to such systems. Thus, multi-
reference methods were considered to better describe the
measured chemistry.81,84 Resolution-of-Identity Møller–Plesset
second-order perturbation theory (RI-MP2) was employed as a
diagnostic tool to determine whether nearly degenerate orbitals
existed in the Ni(CH3COOH)+ system and thereby exhibit strong
static electron correlation effects. Using MP2, 193 natural orbitals
(NO) were generated and their occupation numbers determined.
Three of these NOs displayed fractional occupation (0 4 ne o 2),
contained considerable Ni 3d character (46–66%), and were
delocalized onto the organic fragments. Fractional occupation
of Ni 3d-like NOs indicates nearly degenerate states while the
delocalization suggests contributions from the organic bonding
partners. It was decided to employ CASSCF (complete active
space self-consistent field) calculations and include both metal
d and ligand p/p and p* orbitals in the active space.

All 193 MP2 orbitals were ranked by their deviation from the
closed-shell limits. The eight orbitas with the largest deviations

had obvious Ni 3d character and/or Ni–O (2p/p/p*) overlap.
There were approximately 9 electrons in these eight NOs.
Therefore, multireference CASSCF/CASPT2(9,8) single-point
corrections were performed to capture both the static and
dynamic correlation effects that single-reference DFT cannot.

The CASSCF/CASPT2(9,8) single-point energy corrections,
calculated with the def2-TZVP basis set, were performed on
the structures calculated by DFT between separated reactants
and products, which reduced energy differences between the
RC and each INT and TS structure (Fig. 4). Single-point correc-
tions with a different active space were also performed on all
other structures with a different electron count. The active
spaces used therein are reported in the caption of Fig. 4. The
CASSCF/CASPT2 corrected energy for the rate-determining
H-transfer TS was reduced to 19 162 cm�1 (229.2 kJ mol�1)
above the RC level. This energy is still above our highest energy
kinetic measurement for Ni(CH3COOH)+, but is also signifi-
cantly lower than the DFT energy and as such the multirefer-
ence calculations appear more consistent with observation.

4 Discussion
4.1 An ad hoc RRKM correction to the activation energy

We have previously observed k(E) vs. E energy thresholds in the
Co+ mediated rearrangement reaction of several organic
species.59,60 In those studies, the measured threshold energies
were interpreted as upper limits to the classical Eyring barrier
energy. In a similar vein, we associate an 18 800 cm�1 energy as
an upper limit to the H-transfer Eyring barrier energy in the
Ni(CH3COOH)+ PES (TS3, Fig. 4). Correspondingly, the mea-
sured 19 100 cm�1 threshold in the Ni(CD3COOD)+ system is
due to the ZPE reduction attributed to deuterium substitution.
The threshold energy difference, 300 cm�1, is of sufficient
magnitude to be a primary isotope effect consistent with a C–
H stretch becoming imaginary at the H-transfer barrier. Thus,
we interpret the energy thresholds in the measured rate con-
stants energy dependence of Fig. 3 as the dynamic transition
from primarily H/D QMT to over-barrier (statistical) kinetics.
To refine this interpretation, and further our dynamical
description of this reaction, we employ Rice–Ramsperger–
Kassel–Marcus87–89 (RRKM) theory to calculate microcanonical
rate constants and their energy dependence.

RRKM theory calculates microcanonical rate constants from
first principles by considering the statistical distribution from
the reactant to the transition state manifold along the mini-
mum energy pathway (MEP). The microcanonical rate constant
is calculated from:

k Eð Þ ¼ s
NTS Eð Þ
2p�hr Eð Þ (4)

Here, s is the symmetry factor for the reaction, r(E) is the
reactant’s density of states at energy E and NTS(E) is the
transition state number of states at energy E above the activa-
tion barrier, V0, which is the ZPE-corrected energy difference
between the TS and its preceding INT. At the reaction energy,
it is assumed that internal rotation of the H3C–Ni bond in INT2
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is practically free. The methyl hydrogens may therefore move in
the reaction along 3 degenerate paths, such that s has a value of
3. For V0, the TS3 energy is initially fixed at its calculated value,
as opposed to a variational treatment which minimizes the
reaction rate by optimizing the location of the surface that
divides reactant from product. This is a standard approach and
while variational effects may slightly influence the modeled
reaction rates, this treatment is not expected to impact the
conclusions of this study. In this work, only vibrational con-
tributions to the density and number of states are considered
with vibrational frequencies computed at the DFT level. Ignoring
rotational contributions is an often-applicable approximation,
particularly for large systems with small rotational constants.
NTS(E) was calculated from the vibrational frequencies of the
H-transfer transition state by numerical integration of the
tunneling-corrected rTS(E), determined by direct count with
the Beyer–Swinehart90 algorithm. As reviewed by Richardson,91

the cumulative sum of the Heaviside step function counting
the states can be rewritten as an integral over the energy
in the reaction coordinate Erxn where rTS E � Erxnð Þ ¼P
n

d E � En � Erxnð Þ. This allows the inclusion of the barrier

transmission probability term P(Erxn), as per Miller.92,93

N Eð Þ ¼
X
n

y E � En � V0ð Þ

¼
ðE
0

rTS E � Erxnð ÞP Erxnð ÞdErxn (5)

The transmission probability P(Erxn) is classically 0 for Erxn o
V0 and 1 for Erxn 4 V0, but tunneling calculations of barrier
penetration can replace the classical expression of P(Erxn) to
calculate tunneling corrections to the microcanonical RRKM
determination of k(E).

For this work, the energy-dependent tunneling probability
is calculated using the Wentzel–Kramers–Brillouin (WKB)
method,71,72 as well as SCT73–75 and LCT.75–80 These tunneling
corrections require the calculation of the MEP of the H-transfer
barrier over TS3. The MEP is first determined by DFT and then
energy-corrected using MRCI along the intrinsic reaction coordinate
(IRC) (Fig. SI-7). Eqn (6) and (7) briefly review how the WKB barrier
penetration probability is calculated. SCT and LCT probabilities were
computed from equations provided in Truhlar’s work.94

P Eð Þ ¼ 1þ e
2W Eð Þ

�h

� ��1
(6)

W Eð Þ ¼

ðxf
xi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m V xð Þ � E½ �

p
dx for EoV0

2p
ob

V0 � Eð Þ for E4V0

8>>><
>>>: (7)

Here, V(x) is the potential energy as a function of the IRC (x, Å)
in Fig. SI-7, xi and xf are the IRC turning points at energy E, and
ob is the imaginary frequency of the vibrational mode asso-
ciated with the TS.

Calculations of RRKM rate constants from eqn (4)–(7) were
performed with a V0 value of 12 631 cm�1, which is the

calculated TS3–INT2 energy difference from Fig. 4. The INT2

energy is 6531 cm�1 above the RC energy. The calculated rate
constants are plotted against the total energy of the system
yielding their energy dependence. However, the resulting k(E)
curves did not match experimental results, and a 3600 cm�1

ad hoc reduction was applied to the system’s total energy to
bring agreement between experimental and modeled rates.
This value was determined through visual optimization of the
tunneling-corrected RRKM rate constants with the five high-
energy rate constants measured in the Ni(CD3COOD)+ system.
The correction is applied to both isotopologues but was inten-
tionally determined using the heavier deuterium labeled spe-
cies as this system’s rate constants are less influenced by QMT.
This ad hoc energy correction effectively raises the reaction’s
zero energy thereby reducing the calculated energy differences
between the reaction’s EC and INT and TS structures, preser-
ving the energy ordering evident in Fig. 4. The energy depen-
dence of the energy shifted, tunneling-corrected RRKM rate
constants (dash and dash/dot lines, Fig. 3) exhibits the familiar
ascending trend as the TS vibrational state density increases
with energy and matches well the high-energy experimental
observations of Fig. 3.

Although this 3600 cm�1 offset correction is substantial, it
falls within the error range observed in CASPT2 treatments of
open-shell transition-metal systems, particularly those with
strong multiconfigurational character. Benchmark studies95,96

have identified barrier discrepancies of 1700–2800 cm�1

(20–33 kJ mol�1) between CASPT2 and higher-level methods
such as CCSD(T) or MRCI+Q in comparable systems. These
systematic deviations often stem from incomplete recovery of
dynamic correlation, insufficient active-space size and neglect
of scalar relativistic effects. Given these considerations, we
applied a uniform 3600 cm�1 ad hoc shift to align the computed
PES with experimental high-energy data, preserving relative
energy ordering and kinetic trends while acknowledging the
known limitations of CASPT2 for complex transition-metal
systems.

Fig. 3 shows that the agreement between the final five
measured Ni(CD3COOD)+ rearrangement rate constants with
the energy-shifted, WKB-tunneling corrected RRKM rate con-
stants is quite good. However, as the system’s energy is
reduced, the density of states at the TS reduces significantly,
and the calculated rate constant profile quickly approaches
zero. Despite the application of a tunneling correction to the
RRKM theory, the calculated rate constants disagree with the
observed Ni(CD3COOD)+ rearrangement rate constants as
the system’s energy is reduced (Fig. 3 inset). This disagreement
between the calculated and observed rate constants is even
more evident in the Ni(CH3COOH)+ system (blue symbols and
curves, Fig. 3). Here, the tunneling corrected RRKM rate con-
stant’s energy dependence disagrees with observation at all
energies. Incorporating SCT and LCT tunneling probabilities
(Fig. SI-8) into eqn (5)–(7) extends tunneling rate constants
to lower energies (Fig. SI-9) but also fails to describe the near
energy independence of the measured rate constants.
We believe that the discrepancies evident in Fig. 3 and Fig. SI-9
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between the calculated and observed rate constant energy
dependence are due to hydrogen tunneling that is not
accounted for by the tunneling corrections herein applied
(WKB, SCT and LCT, see SI-8). We believe that QMT is made
far more efficient by Ni metal’s electronic structure and its
associated bonding as described below.

4.2 Quantum mechanical tunneling

As reported in Fig. 2, the formation rate of the products
Ni(H2O)+, Ni(CH4O)+ and Ni(C2H2O)+ is much greater than that
of their corresponding heavier isotopologues. We observe an
average KIE of 19 � 3 throughout our lower-energy (15 500–
18 500 cm�1) measurements. KIE measurements above 2 gen-
erally indicate that the rate-limiting motion of a reaction is
directly affected by isotopic labeling and is considered a
primary KIE.97 This indicates that C–H bond activation and
its subsequent H-transfer rate limit this reaction, consistent
with the calculated PES of Fig. 4.

High KIE values (410) are generally ascribed to contribu-
tions from H/D QMT. Large H/D QMT KIEs are caused by the
decreased tunneling efficiency of the heavier deuterium atom,
with predicted QMT KIE magnitudes provided in Fig. SI-10.
Although low KIE values have been proven possible in tunnel-
ing systems,59,98 the large KIE measured here remains an
indicator of rate limiting H/D QMT in the decomposition of
Ni(CH3COOH)+ and its deuterated isotopologue. The high KIE
measured in this system suggests that H-tunneling contributes
significantly to the rate constants measured at low-energies.

Microcanonical rate constants for the Ni+ induced rearran-
gement reaction are measured over the 15 000–20 000 cm�1

range in this study as seen in Fig. 3. Within this energy window,
the reaction dynamics are changing from primarily quantum to
primarily statistical reaction control. This is manifest as a
competition in reaction kinetics that changes from slow to
fast reaction rates. At low energy, H/D QMT is the primary
contributor to the measured rate constants (B0.24 ms�1 and
B0.01 ms�1 for H4 and D4 variants respectively), and this
continues until the energy threshold is met. At threshold,
the density of states at the TS becomes significant and the
contributions from RRKM statistics cause the observed rapid
increase in reaction rate constants: within a few hundred cm�1,
kRL for the H4 isotopologue almost doubles, and triples for the
D4 isotopologue. Thus, the threshold is the energy at which
over-the-barrier kinetic rates, described by RRKM statistics,
outcompete QMT. This threshold is estimated as 18 800 cm�1

for Ni(CH3COOH)+, and 19 100 cm�1 for Ni(CD3COOD)+.
We conclude that H/D QMT contributes substantially to the

low-energy reaction rates measured in this study. Evidence of
this is provided by the large measured KIE, the threshold values
which are interpreted as the energies where the reaction
dynamics change from primarily QMT to statistical, and the
agreement between the higher energy rate constants’ measured
energy dependence with the calculated RRKM rate constants’
energy dependence in Fig. 3. This interpretation concludes
that: (i) the low-energy rate constants measured in this study
result from QMT with negligible contributions from statistics,

(ii) the H/D QMT energy dependence is not described by MEP-
based tunneling corrections (WKB, SCT, LCT) but rather
appears to linearly, monotonically decrease with decreasing
energy, and (iii) the nearly pure QMT rate constants extrapolate
to energies far lower than the lowest energy measurement of
Fig. 3. The findings of this study indicate that C–H bond
activation occurs at low energies by quantum mechanical
means while retaining high reaction turnovers (kHT =
0.25 ms�1 = 250 000 s�1). These surprising tunneling behaviors
demand further consideration.

4.3 Surprising tunneling behaviors

This is our third publication where we have presented near
energy independent rate constants, and to the best of our
knowledge, we are the only group who have measured this
unusual feature in a microcanonical study. Canonical studies
have commonly measured rate constants that are nearly tem-
perature independent when the reaction occurs at cryogenic
temperatures. Although several groups have made such
measurements,99,100 we focus on a cryogenic study of QMT
H-diffusion on a solid nickel surface where the authors have
observed two different temperature dependencies.101,102 In a
similar vein to our interpretation of Fig. 3, the authors and
others interpreted the temperature dependencies in their mea-
sured diffusion coefficients as a transition from primarily QMT
to over-barrier Arrhenius behavior.103 The temperature inde-
pendence observed in each of these cryogenic rate studies is
understood to result from deep tunneling originating in an
unchanging quantum state distribution. An unchanging quan-
tum state distribution cannot be ascribed to the Ni+(CH3COOH)
system studied here, however, as described in the procedure
section, due to the high density of states and the fast (ns scale)
IVR processes occurring following photon absorption. Should
the reaction occur along the excited PES, then there may be a
relatively constant distribution of quantum states within the
excited electronic state, that is responsible for the rate con-
stants near energy independence observed in Fig. 3. However,
the entropy-driven internal conversion and strong electronic
couplings between the excited and ground doublet states make
this highly improbable. As such, the tunneling behaviors
identified in Fig. 3 cannot be explained by a localized quantum
state distribution as was used to explain temperature-
independent tunneling rates of systems within cryogenically
cold environments.

Thus, we turn to modern tunneling theories where alternate
pathways are followed by the tunneling particle at energies
below the barrier. It is well known that below the classical
Eyring barrier, the reaction is not bound to proceed through
the pathway defined by the MEP as predicted by statistical
transition state theory. Rather, reactive conformations may be
sampled that exhibit higher energy barriers than the TS, but for
which the barrier shape is more favorable to tunneling. This
phenomenon is dubbed ‘‘corner cutting’’,76 and SCT and LCT
are two common approaches to corner cutting in which curva-
ture is used to describe deviations from the MEP. In SCT,
a small deviation from the MEP is taken into consideration

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 9
:5

9:
28

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp02626a


20848 |  Phys. Chem. Chem. Phys., 2025, 27, 20838–20853 This journal is © the Owner Societies 2025

by adjusting the effective tunneling mass through a correction
that considers the coupling of vibrational modes orthogonal to
the IRC. In LCT, the tunneling pathway is the straight-line path
from the reactant to the product conformations at each system
energy. Both theories rely on the determination of the MEP,
Hessian matrices, and geometries along this pathway. As reac-
tion energy is increased, both LCT and SCT converge to follow
the MEP. Microcanonical tunneling probabilities calculated
with SCT and LCT are presented in Fig. SI-8 and are imple-
mented into eqn (4)–(7) to determine rate constants. Fig. SI-9
presents these calculated rate constants, which fail to describe
the observations of this study.

We believe that the unique tunneling properties measured here
and in our earlier Co+ mediated reaction studies are due to the
electronic character of the transition metal. We have previously
demonstrated that a very narrow barrier width could account for
the very efficient H/D QMT measured during the Co+ mediated
decomposition of CH3COOH. We propose that key TS structures
along the PES place organic fragments in proximity such that
transfer distances are reduced, thereby making QMT efficient. This
is consistent with eqn (6) and (7) which show that the QMT
probability has a greater dependence on barrier width relative to
particle mass or system energy deficiency. To this end, we have
searched for low-energy structures that may contribute to QMT by
reducing the hydrogen transfer distance between INT2 and PC1.

We performed a relaxed scan of the relevant bond angles
and bond lengths around the transferring hydrogen. Specifi-
cally, we varied the O–Ni–C bond angle and the H–Ni, C–H, and
O–H bond distances, where the hydrogen in question originates
from the methyl group adjacent to the nickel center. We thus
located a bridging structure, presented in Fig. 5 as the Bridge.
This structure is a second order saddle point on the PES with a
ZPE corrected energy of 30 224 cm�1 (361.6 kJ mol�1) at the
B3LYP/def2-TZVP level. Application of CASSCF-CASPT2(9,8),
utilizing this same def2-TZVP basis set, reduces this energy
to 22 555 cm�1 (269.8 kJ mol�1), which is 3393 cm�1

(40.6 kJ mol�1) above TS3 (see Fig. 4).

In the Bridge, the transferring hydrogen becomes transiently
coordinated to the nickel atom. The hydrogen here appears to
form a three-center interaction between the methyl carbon,
nickel center, and the Ni-bound oxygen atom. This geometry
represents a pre-reactive configuration, distinct from the tran-
sition state, where the hydrogen is not fully transferred to
oxygen but instead shows partial bonding to both Ni and the
leaving group. The comparison with the original transition
state structure reveals that in the transition state, the hydrogen
is already positioned between the methyl carbon and the
oxygen atom, with no direct interaction with nickel. However,
in the newly located Bridge geometry, the hydrogen clearly
moves toward the Ni center, suggesting a potential Ni–H agostic
interaction or incipient Ni–H bond formation which facilitates
C–H bond activation.

This H shift from a C–H to a Ni–H bond displaces the
hydrogen atom only 6 pm from its previous position on the
methyl group. This finding supports the idea that during
hydrogen transfer, nickel may stabilize the migrating hydrogen
(or deuterium), forming a transient structure that facilitates the
tunneling process by reducing the C–H bond activation barrier
width. It also highlights the flexibility of the metal center in
accommodating the H during bond reorganization. We believe
that the Bridge and similar species have the appropriate
structure, bonding, and energy to participate in Ni-enhanced
corner cutting tunneling pathways, similar to LCT but extend-
ing their contributions to higher energy ranges.

Assuming that structures such as the Ni–H bridge are part of
the multidimensional tunneling pathways available on the PES,
then the activation of a high energy C–H bond is effectively
complete following a 6 pm hydrogen displacement. This repre-
sents a very narrow barrier that will significantly enhance QMT
probability. In fact, we have previously demonstrated59 that the
application of a very simple tunneling theory to very narrow
barriers yields tunneling probabilities that are nearly energy
independent, as observed previously as well as in Fig. 3 of this
study. Thus, we propose that the electronic structure and

Fig. 5 Geometries, bond distances and angles for the INT2, TS3 and PC1 structures along the MEP, as well as the high-energy ‘‘Bridge’’ structure
involving a transitory Ni–H bond.
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consequent bonding interactions of the transition metal are key
to efficient QMT and are responsible for the large deviation
between experimental findings from the tunneling-corrected
RRKM models. Moreover, motion away from the MEP, and
exploration of the multidimensional PES may lead to structures
such as the Ni–H Bridge which may be accessed in below-
barrier dynamics to facilitate QMT.

5 Conclusions

An experimental investigation into the kinetic properties of the
Ni+ reaction with CH3COOH and its perdeuterated analog,
CD3COOD, has been presented and complemented with theory.
Formation kinetics of three products are followed over a range
of system internal energies. The reaction mechanism is
deduced as an OA/RE sequence rate limited by a methyl C–H
activation and hydrogen transfer to the OH moiety. Microca-
nonical rate constants are measured over a range of several
thousand wavenumbers revealing a threshold region as realized
by a rapid increase in reaction rate constant values over a small
energy window. This is interpreted as an upper limit to the
hydrogen transfer Eyring barrier. Rate constants calculated by
RRKM theory are fit to this measured threshold (i.e. with an ad
hoc correction to the CASSCF energy), and estimate this rate-
limiting Eyring barrier at 15 560 cm�1 above the RC energy.

Measurements of rate constants extend far below the thresh-
old, with magnitudes too large to be accounted for by RRKM
theory. We interpret these rate constants as containing signifi-
cant contributions from H/D QMT. This interpretation is sup-
ported by the high KIE (B15–20) measured in this low-energy
regime, as well as the shift between threshold energies mea-
sured in the two isotopologues, which is consistent with a
primary KIE. These nearly pure H/D tunneling rate constants
exhibit two surprising behaviors. First, the rate constants are
nearly energy independent, showing a slight monotonic
increase over the measured energy range. Second, it appears
that the tunneling range will extrapolate to very low energies.
These curious behaviors cannot be attributed to QMT that
follows a pathway below the classically described MEP across
the rate-limiting TS, and moreover, modern corner-cutting
theories like SCT and LCT also fail to replicate our observation.

Instead, we propose that the Ni+ electronic structure may
promote QMT, where the bonding schemes in key structures
place organic fragments in a proximity that facilitates H/D
transfer. Such structures are proposed to exist along the multi-
dimensional PES, providing tunneling pathways distinct from
the MEP with reduced barrier width and consequent energy
dependence. We employed multireference calculations and
have identified a representative candidate structure which is
a second order saddle point on the PES. We propose that this
structure illustrates our hypothesis by participating as a bridge
for hydrogen tunneling. It features a Ni–H transient bond
formed following C–H activation that requires a hydrogen
motion of only 6 pm. We propose to continue testing our metal
promoted QMT hypothesis in future studies of other transition

metals as well as performing instanton calculations to better
identify potential tunneling paths.

We have confidence that the QMT-facilitating behavior of
Ni+, which we also measured for Co+, is a contributor to the
metal’s versatility in C–H bond activation reactions which may
extend to very low energies. Findings that spring from gas-
phase kinetic experiments underscore how significant such
studies are towards advancing fundamental insight and under-
standing the properties of transition metals. Comprehending
and elucidating such will forward catalyst design and develop-
ment, especially as it pertains to heterogeneous catalysis on
surfaces, nanoparticles, and single-atom catalysts.

Conflicts of interest

There are no conflicts to declare.

Data availability

Data for this article, in the form of the raw data files secured
from our instrument, as well as Gaussian and ORCA output
files, are available at Texas Data Repository, at https://data
verse.tdl.org/dataverse/Bellert.

Supplementary information is available. See DOI: https://
doi.org/10.1039/d5cp02626a.

Acknowledgements

Acknowledgement is made to the donors of The American
Chemical Society Petroleum Research Fund for support (or
partial support) of this research.

References

1 Y. Ziyan, C. Rongzhen, Z. Ling, L. Yuhang and L.
Chunzhong, Recent Progress in Nickel Single-Atom Cata-
lysts for the Electroreduction of CO2 to CO, Ind. Chem.
Mater., 2024, 2(4), 533–555, DOI: 10.1039/D3IM00109A.

2 Z. Zhang, C. Shen, K. Sun, X. Jia, J. Ye and C. J. Liu,
Advances in Studies of the Structural Effects of Supported
Ni Catalysts for CO2 Hydrogenation: From Nanoparticle to
Single Atom Catalyst, J. Mater. Chem. A, 2022, 10(11),
5792–5812, DOI: 10.1039/D1TA09914K.

3 W. Liu, Y. Chen, H. Qi, L. Zhang, W. Yan, X. Liu, X. Yang,
S. Miao, W. Wang, C. Liu, A. Wang, J. Li and T. Zhang,
A Durable Nickel Single-Atom Catalyst for Hydrogenation
Reactions and Cellulose Valorization under Harsh Condi-
tions, Angew. Chem., Int. Ed., 2018, 57(24), 7071–7075, DOI:
10.1002/ANIE.201802231.

4 N. Dong, T. Roman and C. Stampfl, Nickel-Based Single-
Atom Alloys for Methane Dehydrogenation and the Effect
of Subsurface Carbon: First-Principles Investigations,
Catalysts, 2024, 14(2), 145, DOI: 10.3390/CATAL14020145.

5 A. D. Nishchakova, L. G. Bulusheva and D. A. Bulushev,
Supported Ni Single-Atom Catalysts: Synthesis, Structure,

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 9
:5

9:
28

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://dataverse.tdl.org/dataverse/Bellert
https://dataverse.tdl.org/dataverse/Bellert
https://doi.org/10.1039/d5cp02626a
https://doi.org/10.1039/d5cp02626a
https://doi.org/10.1039/D3IM00109A
https://doi.org/10.1039/D1TA09914K
https://doi.org/10.1002/ANIE.201802231
https://doi.org/10.3390/CATAL14020145
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp02626a


20850 |  Phys. Chem. Chem. Phys., 2025, 27, 20838–20853 This journal is © the Owner Societies 2025

and Applications in Thermocatalytic Reactions, Catalysts,
2023, 13(5), 845, DOI: 10.3390/CATAL13050845.

6 M. Akri, A. El Kasmi, C. Batiot-Dupeyrat and B. Qiao,
Highly Active and Carbon-Resistant Nickel Single-Atom
Catalysts for Methane Dry Reforming, Catalysts, 2020,
10(6), 630, DOI: 10.3390/CATAL10060630.

7 M. B. Gawande, K. Ariga and Y. Yamauchi, Single-Atom
Catalysts, Adv. Mater. Interfaces, 2021, 8(8), 2100436, DOI:
10.1002/ADMI.202100436.

8 Z. Li, B. Li and C. Yu, Dynamic Catalytic Structures of
Single-Atom (or Cluster) Catalysts: A Perspective Review,
Small Struct., 2025, 6(5), 2400479, DOI: 10.1002/SSTR.
202400479.

9 S. K. Kaiser, Z. Chen, D. Faust Akl, S. Mitchell and J. Pérez-
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