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Hydrogen tunneling with an atypically small
KIE measured in the mediated decomposition
of the Co(CH3COOH)+ complex†

Simon U. Okafor, Gabriele Pinto, Michael Brdecka, William Smith,
Tucker W. R. Lewis, Michael Gutierrez and Darrin J. Bellert *

Quantum mechanical tunneling (QMT) is a well-documented phenomenon in the C–H bond activation

mechanism and is commonly identified by large KIE values. Herein we present surprising findings in the

kinetic study of hydrogen tunneling in the Co+ mediated decomposition of acetic acid and its perdeuter-

ated isotopologue, conducted with the energy resolved single photon initiated dissociative rearrange-

ment reaction (SPIDRR) technique. Following laser activation, the reaction proceeds along parallel

product channels Co(CH4O)+ + CO and Co(C2H2O)+ + H2O. An energetic threshold is observed in the

energy dependence of the unimolecular microcanonical rate constants, k(E). This is interpreted as the

reacting population surmounting a rate-limiting Eyring barrier in the reaction’s potential energy surface.

Measurements of the heavier isotopologue’s reaction kinetics supports this interpretation. Kinetic

signatures measured at energies below the Eyring barrier are attributed to H/D QMT. The below-the-

barrier tunneling kinetics presents an unusually linear energy dependence and a staggeringly small

tunneling KIE of B1.4 over a wide energy range. We explain this surprising observation in terms of a

narrow tunneling barrier, wherein the electronic structure of the Co+ metal plays a pivotal role in

enhanced reactivity by promoting efficient tunneling. These results suggest that hydrogen tunneling

could play important functions in transition metal chemistry, such as that found in enzymatic

mechanisms, even if small KIE values are measured.

1 Introduction

Quantum mechanical tunneling (QMT) is no longer considered
an exotic dynamic feature but rather integral to the complete
understanding of chemical reactivity. In fact, QMT has recently
been dubbed the third reactivity paradigm placing it on par
with the concepts of thermodynamic and kinetic control.1,2

QMT maintains a wide sphere of influence and measurements
implicate the controlling role of hydrogen tunneling within
enzymatic reactions,3–8 although its specific significance to
enzyme catalysis relative to other reactions is under debate.9–11

QMT is likely the only kinetic pathway for both interstellar
chemistry and reactions that occur under cryogenic condi-
tions.12–16 QMT has been implicated in organometallic chem-
istry in both biomimetic systems8,17 as well as transition metal
complexes.18–20 Moreover, modern studies have demonstrated
QMT in atoms heavier than hydrogen, which is surprising given

that tunneling probability is inversely dependent on the tunnel-
ing particle’s mass.15,16,21–25

In many cases, measurement of a large kinetic isotope effect
(KIE) is the discriminating factor used to identify hydrogen
QMT.20,26–28 The KIE is the ratio of rate constants (kH/kD)
determined when the transferring hydrogen has been replaced
with its heavier deuterium isotope. Substantial QMT contribu-
tions to the rate constants are implicated when the KIE
magnitude is too large to be caused by the differences in
zero-point vibrational energies between the two isotopologues.
However, in the other extreme, KIE magnitudes that are small
would appear to result from secondary effects and QMT, if
present, may not be realized. A situation similar to this latter
scenario was recently reported where hydrogen tunneling in an
isomerization reaction exhibited a small primary KIE when
measured in solid N2.12 Over-barrier kinetics are simply too
improbable at such extreme low temperatures and hydrogen
QMT must be the reactive process. In this case, the authors
attributed the coupling of matrix N2 molecules to the tunneling
H/D atoms as the cause of the unexpected low KIE.

The study presented here measures a primary hydrogen
tunneling KIE that is also unexpectedly small but cannot be
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attributed to solvent effects. Rather, we suggest that the low KIE
is caused by efficient hydrogen QMT. In this study, a transition
metal mediates chemistry to adiabatically reduce reaction
barriers and, we believe, to also promote the hydrogen tunnel-
ing process through barrier width reduction. The reduction in
barrier width greatly improves tunneling efficiency and
increases QMT probability29 at system energies that extend
far below the transition barrier. We believe that efficient QMT
may play important roles in metal atom catalysis but may go
unrealized if the measured KIE is less than the expected 7–10
for room temperature reactions.

Focusing on the metal’s role in QMT requires specialized
instrumentation capable of significant energy and temporal
resolution. This necessitates that studies are conducted in a
collision-less gas-phase environment with tight control over the
reaction’s start-time and measurement of the reaction’s tem-
poral development. Additionally, there are requirements on the
molecular system chosen for study – namely it must be rela-
tively small with tunneling atoms that can be individually
distinguished. Kinetic measurements made on such systems
in this environment are sufficiently resolved to confidently
infer reaction dynamics from the measured kinetics. Examin-
ing hydrogen tunneling in small metal containing molecular
systems where the environment and available energy are strictly
controlled provides the greatest opportunity to reveal funda-
mental insights of broad relevance.

The system presented here is the kinetic study of the Co+

cation mediated decomposition of CH3COOH and its perdeut-
erated isomer, CD3COOD. As the system’s energy content
increases, an abrupt change in the unimolecular rate constant’s
energy dependence is measured. The energy at this threshold is
interpreted as a limit to an Eyring barrier’s energy. Hydrogen
QMT, however, extends chemical reactivity below the Eyring
barrier. Measurements in this energetic QMT regime reveal an
unexpected energy dependence and surprisingly low KIEs mag-
nitudes for their typical association with hydrogen tunneling.

The study is the first part of an anticipated two-part series.
This first manuscript focuses on our experimental kinetic
observations and their interpretation with respect to Eyring
barrier energies and QMT. The second paper will extend our
experimental observations by computation of the reaction PES
in tandem with the kinetic modeling of the important mecha-
nistic steps in this chemical reaction.

2 Procedure

The SPIDRR technique has been described previously.30 Briefly,
transition metal cations are generated through laser ablation of
a pure metal target located within a high vacuum chamber.
These metal ions are entrained in a pulse of helium gas that
contains the vapor pressure of CH3COOH. Collisions between
the cations and organic form electrostatic clusters where the
Co+ cation is bound to the dipole moment of the CH3COOH
molecule. The nozzle geometry, gas pulse conditions, and
vacuum chamber pressure are such to ensure supersonic

cooling of the newly formed clusters. These clusters enter
collision-less space just a few millimeters past the expansion
nozzle. This binary Co+–CH3COOH cluster is the reactant
complex (RC) that will undergo unimolecular decay into the two
products, Co(CH4O)+ and Co(C2H2O)+, observed in this study.

The species within the pulsed molecular beam travel at the
terminal velocity of helium through 79 cm of vacuum to enter
into the parallel plates of a pulsed orthogonal accelerator (OA).
These are quickly charged to 1750 V to extract cations into
1.86 m of field-free flight within a time-of-flight mass spectro-
meter (TOFMS). A hemispherical kinetic energy filter, or sector,
is located at the end of the TOF which is voltage tuned to
transmit the full kinetic energy of the ion beam (transmits all
species formed in the source) or a portion of the kinetic energy
(transmits products formed from a chemical reaction). The
products arrival time to the detector (located just past the
sector’s exit aperture) is the same as the precursor from which
each product was formed. Thus, products formed from an
induced chemical reaction of various species within the mole-
cular beam are distinguished. An example mass spectrum
showing the species within the beam and the products from
the Co(CH3COOH)+ cluster is provided in the ESI† as Fig. S1.

Pulsed, tunable laser radiation from a Nd3+:YAG pumped
dye laser (together considered the activation laser (AL)) is
directed through the OA, counterpropagating to the molecular
beam’s direction. The RC absorbs a quantum of photon energy
to populate a metastable excited state. The Co+ cation is the
chromophore and the electronic transitions excited are atomic-
like 3d8 (3P) ’ 3d8 (3F) or 3d74s ’ 3d8 (3F).31 These are parity
forbidden atomic transitions but gain oscillator strength in the
RC. The excited electronic state is metastable since emission to
lower states is forbidden, and the energy of the excited electro-
nic state is below the adiabatic bond energy of the ground
triplet electronic state. Thus, relaxation of the excited state
occurs through internal conversion of the photon’s energy
populating the high vibrational levels of the ground triplet
RC surface. Internal vibrational redistribution (IVR) of this
energy statistically populates the many vibrational states of
the ground potential well at the energy of the absorbed photon.
This process (electronic excitation - internal conversion -

IVR - statistical distribution of vibrational states) likely occurs
within the first few nanoseconds of the reaction. This creates
an energy-resolved density of vibrational states that can statis-
tically explore the PES finding pathways to arrive at products.
The ensuing nuclear rearrangement reactions occur on the
microsecond time scale.

Photoexcitation of the RC occurs along the molecular beam
axis. Photon absorption coincident with the extraction pulse to
the OA is the start-time of the reaction and is defined as zero t.
Unimolecular decay of the RC into products begins as the RC is
accelerated through the parallel plates of the OA. However, only
those RCs that exit the OA (requires B3 ms) and enter the field-
free region of the TOF will produce products with the same
arrival time to the detector as the RC. One of the products’
integrated intensity, accumulated over the free flight of the
TOF, is transmitted through the sector where it is detected and
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recorded at zero t. The AL timing is then reduced from zero t,
firing earlier than the pulse to charge the OA. The RC still forms
the same quantity of products resulting from the photon
induced chemical reaction, but now a reduced quantity of
those is formed in the field-free region of the TOF and ulti-
mately detected. In such fashion, the photo-exited population’s
survival probability decreases as |t| increases. The plot of
integrated product intensities vs. �t is analyzed to reveal rate
limiting rate constants that are attributed to the decay of the
precursor into the product transmitted through the sector to
the detector.

Making measurements in such fashion guarantees that
products detected result from single photon absorption by
the RC. Two photon absorption, which likely occurs, results
in a RC excited to levels higher than the adiabatic bond energy
of the cluster. Thus, a two-photon excited RC simply dissociates
into the Co+ cation + neutral CH3COOH. Energizing the RC
through single photon absorption is verified by measuring a
linear dependence between the product’s intensity vs. the AL
laser pulse fluence as shown in Fig. S2 (ESI†).

The energy resolution of the SPIDRR technique results from
supersonic cooling such that the absorbed photon’s energy is
sufficiently greater than the residual thermal population
unquenched by adiabatic expansion. This is readily determined
in smaller Co+–ligand systems through vibronic spectroscopic
techniques.32–37 However, the large density of vibrational eigen-
states coupled with the relatively small rotational constants in
larger systems makes resolved spectroscopy impossible. Thus,
the residual thermal population of the ground state can only be
assessed through indirect methods. The translational tempera-
ture of the ions within the molecular beam is determined
through measurement of the precursor velocity distribution
within the beam. These measurements routinely yield Mach
numbers 4 60 indicating substantial translational cooling.38

The rotational temperature is assumed low since the rotational
eigenstate energy difference is small suggesting that cooling
collisions with the helium carrier gas will efficiently remove
residual energy. Electronic cooling in transition metal species
is facilitated by strong spin–orbit coupling and there has
never been a long-lived electronic metastable species detected
through spectroscopic studies of Co+–ligand complexes. The
degree of vibrational cooling within the RC is admittedly more
challenging to justify. However, vibrational cooling is assessed
here by changing the expansion conditions and re-measuring
reaction rate constants. It has been shown that doping a small
quantity of a polyatomic gas into a supersonic expansion more
efficiently removes vibrational energy within the beam.39

Presumably, this is due to collisions with the doped gas where
vibrational cooling is enhanced through vibrational energy
transfer to the polyatomic. Thus, the supersonic cooling of
vibrational degrees of freedom is assessed by doping 1% CH4

into the helium expansion and re-measuring reaction rates. If
the measured rate constants are the same in both expansion
environments, then it can be assumed that collisions with
helium atoms in the neat helium expansion sufficiently cools
residual vibrational energy in the encounter complex. Fig. S3

(ESI†) shows this comparison following absorption of an AL
photon = 13 950 cm�1 where the rate constants measured in
both expansion environments agree. It is noteworthy that the
reaction rate constant is very dependent on system energy at
13 950 cm�1, as discussed below. Thus, the contribution of
unquenched residual energy to the system’s total energy will
have its most significant impact when the system absorbs a
quantum of photon energy = 13 950 cm�1 or greater.

3 Results

The unimolecular rearrangement reaction kinetics of two pre-
cursor isotopologues, Co(CH3COOH)+ and Co(CD3COOD)+, are
measured at resolved internal energies. Each absorbs a single
quantum of photon energy to initiate the Co+ mediated decom-
position reaction yielding two products. The reaction mecha-
nism thus bifurcates along two pathways which terminate in
forming these species. The charged products detected have
masses consistent with the following chemical reactions:

Co CH3COOHð Þþ �!hv Co CH4Oð ÞþþCO

Co C2H2Oð ÞþþH2O

This assignment of charged product masses is supported by
measuring the expected change in the transmission sector
voltages associated with transmission of the analogous deuter-
ium labeled products: Co(CD4O)+ and Co(C2D2O)+.

The integrated intensity of each charged product, acquired
at an AL photon energy, is plotted vs. t to reveal the temporal
dependence of product formation. Measurements acquired at
the indicated AL photon energies are shown in the left panels of
Fig. 1. Each panel shows the product formation’s intensity vs.
time dependence following the Co(CH3COOH)+ reactant complex
absorption of a single quantum of photon energy. The intensity
of each product ion exponentially decreases as |t| increases from
zero ms.

This is consistent with the rate-limiting unimolecular decay
of a long-lived intermediate in the Co+ mediated decomposition
mechanism of CH3COOH. The temporal dependence of each
product ion’s formation is independently fit to a single expo-
nential function in t, which is plotted as the solid curve
through the measured product intensities. Preexponential fac-
tors and rate constants k(E) are extracted from each fit. The
relative preexponential factors determine the kinetic competi-
tion between the formation of each product measured at an AL
energy. Thus, the product’s intensities are normalized to the
sum of the two preexponential constants and this reveals the
fractioning into each exit channel. The formation of Co(CH4O)+

is preferred relative to Co(C2H2O)+ by a 55/45 ratio. This exit
channel fraction (ECF) remains relatively constant at all mea-
sured AL energies. The rate constants extracted from each fit
are indicated in the left panels of Fig. 1.

The right panels of Fig. 1 show the temporal dependence of
Co(C2D2O)+ and Co(CD4O)+ product formation from the Co+ media-
ted decomposition of the heavier D4 isotopologue. These result

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 7
:0

5:
47

 A
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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp02722a


27744 |  Phys. Chem. Chem. Phys., 2024, 26, 27741–27750 This journal is © the Owner Societies 2024

from the precursor absorption of a single quantum of the indicated
photon energies. As in the left panel, each measured temporal
dependence was fit to a single exponential function in t and seen as
the solid curves through the observed intensities. It is acknowl-
edged that the set of traces at lower AL photon energies are
biexponentially dependent on t. This may be due to two-state
reactivity (TSR) which has been observed in a previous Co+ study
by our laboratory.40,41 This will be addressed in a subsequent
publication of this system. For this current study, however, we
focus on the long-time component of the biexponential depen-
dence and secure this rate constant by fitting a single exponential
function to the product’s intensities at values of |t| greater than
20 ms, where the kinetic contributions from TSR are minimal. As in
the lighter isomer, the ratio of one preexponential factor relative to
the sum results in the same 55/45 ECF favoring the Co(CD4O)+

product. The ECF is independent of the isotopologue identity at the
energies studied here. Moreover, Fig. 1 indicates that the rate
constant for formation of the Co(C2H2O)+ product are slightly
larger than the Co(CH4O)+ product measured at each AL photon
energy and is consistent across both isotopologues.

In general, the measured rate constants for the formation
of each product decreases with decreasing photon energy.
However, there exists striking differences with the rate of
decrease relative to the system energy content. This is easily
observed in the three lower panels on the H4 side of Fig. 1
where the rate constants roughly double as the system energy is
increased over this 900 cm�1 energy range. However, when
the system’s internal energy is further increased by 50 cm�1,
from 13 900 cm�1 to 13 950 cm�1, the rate constants increase by
factors of 1.9 and 2.6, over this narrow energy range. As an
additional 150 cm�1 of energy is added to the system (top left
panels in Fig. 1), the rate constants increase by an addi-
tional B1.5�. Thus, the chemical reaction kinetics of the

Co(CH3COOH)+ system change significantly once a 13 950 cm�1

energy threshold is surpassed. We interpret this rapid change in
reaction rates as a transition in the controlling reaction dynamics
that occurs at this threshold. We believe that 13 950 cm�1 is an
upper energy limit to an Eyring barrier, and upon transition of this
energy, there is a change from QMT to over-the-barrier dynamics
where RRKM theory governs reaction rates at these higher system
energies.

An analogous picture unfolds through observation of the D4
side of Fig. 1. The lower four panels span a 700 cm�1 energy
range where the rate constants gradually increase with increas-
ing AL energy. However, the top two panels show that the rate
constants nearly double between AL energies 14 100 cm�1 and
14 350 cm�1. Again, the abrupt change in the rate constant’s
energy dependence is interpreted as an upper limit to the
Eyring barrier energy and the consequent transition from
quantum to statistical control of the reaction dynamics.

These abrupt increases in rate constant values are more
easily seen in Fig. 2 which plots each rate constant vs. the AL
photon energy absorbed by the precursor. Thresholds are
identified as the energy where the rate constants effectively
double from their previous measurement. These threshold
energies occur at 13 950 cm�1 in the H4 isotopologue and
14 350 cm�1 in the heavier D4 system. Both product channels
in each isomer have the same threshold energy indicating that
the changing dynamics within that isotopologue’s chemistry
affect each reaction pathway in the same fashion. The transi-
tion from quantum to statistical dynamic reaction control is the
most likely phenomenon consistent with the measured
changes in the reaction rate constant’s energy dependence.

This change in reaction dynamics manifests as a rapid
change in reaction rate constants which occurs as an Eyring’s
barrier energy is breached. Without QMT, the reaction rate

Fig. 1 SPIDRR results in the Co+ mediated decomposition of CH3COOH (left side) and CD3COOD (right side) measured at various AL photon energies.
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constants would behave in classical RRKM fashion and erupt
from the horizontal axis in Fig. 2 once the Eyring threshold
energy is surpassed. This is due to the large density of states in
the reactant well that distributes into the growing sum of states
at the transition state to ultimately form products. Both the
sum and density of states increase rapidly with energy with a
consequent increase in the rate of product formation. These
statistical effects yield rate constants that eclipse rate constants
caused by QMT. Thus, the Eyring barrier energy is identified
as a threshold in a k(E) vs. E plot indicated by the energy where
the measured rate constants energy dependence markedly
changes (Fig. 2).

4 Discussion
a The Eyring barrier energy and the tunneling KIE

The 13 950 cm�1 threshold energy measured in this study is
interpreted as an effective barrier height and an upper limit
to the rate-limiting Eyring barrier’s energy along the
Co(CH3COOH)+ potential energy surface (PES). We define the
Eyring barrier’s energy as the difference between the v = 0 level
of the reactant states and the v = 0 level of the activated complex
structure located at the TS (often called the energy difference
between the vibrationless levels of the reactant and TS). The
effective barrier is an upper limit because our measured rate
constants, at the Eyring barrier’s energy, will contain contribu-
tions from both QMT and over-barrier statistics. The observed
thresholds occur at energies where the contribution from QMT
is negligible in comparison to RRKM statistics. This must be at
an energy slightly above the v = 0 level of the activated complex
which contains 20 vibrational modes, many of which are low
frequency. This results in a sum of vibrational states at the TS
that rapidly increases with energy.

The effective barrier energy in this system’s heavier
Co(CD3COOD)+ isotopologue is measured at 14 350 cm�1. This
value both supports our interpretation that the observed
thresholds are related to Eyring barrier energies and assigns
the type of QMT observed in this system. The threshold energy
difference measured between the heavier and lighter isotopo-
logues is 400 cm�1. This energy difference is consistent with the
expected zero-point energy (ZPE) lowering associated with the
heavier isotopologue. This energy difference will have a signi-
ficant contribution from ZPE lowering in the reactant state and
a reduced contribution from the ZPE lowering in the activated
complex at the TS. The large 400 cm�1 energy difference
observed between the threshold energies strongly suggests that
the reaction coordinate of this rate-limiting portion of the PES
follows a high-frequency vibrational mode which becomes
imaginary at the TS. The high-frequency modes in the precur-
sor are either C–H or O–H vibrations. If a 3000 cm�1 stretching
frequency is assumed for these modes, then the expected ZPE
lowering of the reactant state upon deuterium labeling will
equal 900 cm�1 along this reaction coordinate. This value only
accounts for the reactant state and thus represents a maximum
energy difference between threshold values upon deuterium
labeling. The measured energy difference, 400 cm�1, is less
than the maximum but too large to be caused by a secondary
KIE. This suggests that some ZPE lowering must be attributed
to the activated complex structure upon deuterium substitu-
tion, and/or, that the assumed 3000 cm�1 stretching frequency
is less than this value in the intermediate structure that
precedes this rate-limiting transition state. More importantly,
the large 400 cm�1 energy difference associates a transferring
hydrogen to the rate limiting Eyring barrier on the Co(CH3COOH)+

PES. This indicates that rate constants measured at AL energies
below 13 950 cm�1 in the H4 isomer, or rate constants measured in
the D4 isomer at energies below 14 350 cm�1, are due to hydrogen
and deuterium tunneling.

H/D QMT KIE values are acquired from the formation
kinetics of each product at the AL energies studied. The third
and fourth panels on each side of Fig. 1 shows the formation of
the products measured at 13 900 cm�1 and 13 650 cm�1 result-
ing from H/D tunneling. This shows a side-by-side comparison
of the changing tunneling kinetics associated with each iso-
topologue. The KIE measured at 13 900 cm�1 is 1.9 � 0.2 and
1.62 � 0.2 for formation of Co(CH4O)+ and Co(C2H2O)+ pro-
ducts. These KIE values are remarkably small for their typical
association with H/D QMT. The rate constant measurements
made at 13 650 cm�1 and their corresponding KIE values for the
formation of each product are 1.4 � 0.1 and 1.6 � 0.1, which
again are unusually small for hydrogen QMT.

Fig. 3 plots twelve KIE values vs. the AL energy at which each
was measured. Each of the KIE values measured at energies
below 13 950 cm�1, the so-called tunneling energetic regime,
are atypically small. Whereas, the KIE measured at 13 950 cm�1,
the effective energy of the rate-limiting hydrogen transfer
barrier, is substantially larger with an average value of 4.4 � 0.5.
This large increase in KIE is due to the differences in energy depen-
dence in the controlling dynamics between the two isotopologues.

Fig. 2 Energy dependence of the unimolecular rate constants. The shad-
ing interfaces indicate changing reaction dynamics. Hydrogen (deuterium)
tunneling exists below 13 950 cm�1 (14 350 cm�1), whereas statistical
control occurs at energies higher than these thresholds.
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From Fig. 2, at a system energy equal to 13 950 cm�1, the reaction
dynamics in the lighter H4 isomer have just transitioned from
quantum to primarily statistical control while the reaction kinetics
of the heavier D4 isomer remains under quantum control. Conse-
quently, KIE values rapidly increase as this interface between the
controlling dynamic paradigms is crossed.

b Barrier width reduction as the cause of these unusual
observations

Fig. 2 indicates that the tunneling rate constants monotonically
decrease with an apparent linear dependence on decreasing
energy at absorbed photon energies below the Eyring threshold.
We have previously observed this linear dependence measured
between tunneling rate constants and system energy in our
study of the Co+ mediated decomposition of CH3CHO.41,42

We have also measured a similar linear dependence in a Ni+

system that is under current study with preliminary results
provided in Fig. S4 (ESI†). The linear dependence of the H/D
tunneling rate constants on system energy appears prevalent in
the chemistry of the metal mediated systems that we have
studied, although such dependencies have not been reported
by other groups, to our knowledge. We reinforce that this slight
energy dependence of the microcanonical rate constants with
system energy is not predicted by statistical rate theories. We
therefore associate this slight energy dependence as a QMT
effect within this B1000 cm�1 energy range below the Eyring
barrier. The QMT KIEs displayed in Fig. 3 show a slight increase
with decreasing energy over the 12 900–13 900 cm�1 range. This
slight energy dependence appears unique in the literature but
is reminiscent of the slight temperature dependence of certain
enzymatic reactions where QMT was determined by a large,
measured H/D KIE. However, the tunneling KIE measured here
has an average value of only 1.4 over this 1000 cm�1 energy
range. There have only been a few reports of such small H/D
QMT KIE values in the literature, and they have been attributed
to the tunneling H-atom coupled to a solvent molecule,12 or to
systems where diffusion limited rates mask QMT.43

As these KIE-attenuating phenomena are not present in our
high-vacuum gas-phase experiments, we instead attribute the
small QMT KIE values measured in this study to a remarkable
hydrogen tunneling efficiency that may be mediated by the Co+

cation electronic structure. Tunneling theories indicate that the
width of the tunneling barrier is the governing factor influen-
cing QMT probability, with reduced contributions from the
tunneling particle’s mass and the system’s energy relative to the
energy of the potential barrier. Thus, we presume that a
potential barrier exists in this system with such a small width
that it nearly negates the mass dependence of the tunneling
particle.

Although elegant tunneling theories exist,44–47 here we
employ a simple theoretical description of QMT to ascertain
whether barrier width reduction could possibly predict proper-
ties consistent with the measured kinetic properties of this
system. This is in keeping with the theme of this first publica-
tion in this series, whereas more complete theoretical descrip-
tions are planned in a subsequent paper. The tunneling theory
chosen utilizes free particle wavefunctions that penetrate a
rectangular potential barrier and yield exact analytic solutions.
This theory is the same as presented in undergraduate quan-
tum courses to describe scanning tunneling electron micro-
scopy (STEM) and details an electron’s penetration through a
barrier.

Within this rough theoretical description, hydrogen or deu-
terium atoms impinge upon a rectangular potential barrier
with finite width and energy. Free particle wavefunctions are
ascribed to the impinging particles. The probability of particle
transmission through the barrier is then determined by solving
the time-independent Schrödinger equation while taking
proper account of the barrier interfaces such that the wavefunc-
tion, and its first derivative, are continuous through space. The
square modulus of the resulting wavefunction then provides
the probability of finding the particle on the opposite side of
the barrier. The ratio of the squared modulus intensities for the
transmitted particle relative to those particles that impinge
upon the barrier yields an expression for the tunneling prob-
ability. This resulting function is dependent on the particle’s
mass (m) and energy (E), the barrier energy (U0), and the
barrier’s width (L).

TðL;EÞ ¼ 1

cosh 2ðbLÞ þ g2 sinh 2ðbLÞ

where g2¼ 1

4

1�E=U0

E=U0
þ E=U0

1�E=U0
�2

� �
and b¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m U0�Eð Þ

p
�h

.

The measured barrier energies from this study, as well as the
particle’s mass and system energy, are input into this equation
to determine the tunneling probability at various barrier
widths. We assume that the tunneling probability scales with
the first order tunneling rate constants measured in this study,
and therefore, the corresponding KIEs will be well represented
by the probability ratio of hydrogen to deuterium tunneling.
The barrier width is then modified to minimize a squared
residuals fit of the predicted tunneling probabilities ratio to
the measured QMT KIEs. The predicted energy dependence of

Fig. 3 The KIE energy dependence. Measurements at energies below
13 900 cm�1 result from pure H/D tunneling.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 7
:0

5:
47

 A
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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp02722a


This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 27741–27750 |  27747

H-tunneling, D-tunneling, and the KIEs are plotted in Fig. 4,
along with the measured QMT KIEs from the Co(CH4O)+

product channel in Fig. 3. The optimized barrier width that
resulted from this analysis is 6 pm. With this narrow barrier,
the tunneling probability T(L,E) for both the H and D atoms is
significantly higher than one would expect, as shown by the
dashed lines in Fig. 4. For the H atom, the barrier penetration
probability exceeds 0.5 (green dashed line), while the D atom’s
tunneling probability approaches 0.35 at the Eyring barrier
energy. Interestingly, the probabilities calculated at a 6 pm
barrier width become quasi-independent of energy, and their
ratio results in a very low KIE, consistent with our observations
for the Co(CH3COOH)+ reactions described in this paper.

The purpose of this analysis is not to quantify the rate-
limiting barrier width on the Co(CH3COOH)+ PES – this theory
is too simple, and the assumptions unjustified for this expecta-
tion. Rather, this analysis suggests that it is possible that a
reduction in barrier width can lead to the unusual kinetic
behavior measured in this system. The analysis, moreover,
indicates the need to apply more modern descriptions of
tunneling in this system.

The minimal energy pathway (MEP) is the multidimensional
curved pathway of lowest energy through the potential land-
scape. The shortest tunneling pathway, however, is a straight
path on the concave side of the MEP from the reactants side
of the barrier to the products. This short straight path does not
necessarily contain the reaction saddle point and, conse-
quently, will be of higher potential energy. Such theories as
instanton theory,44,48–50 short curvature tunneling (SCT),45 and
long curvature tunneling (LCT)46,47 have gone beyond the
separable reaction coordinate hypothesis and instead use
QMT treatments that optimize tunneling by considering
various paths straying from the MEP. Central to these theories
are high-quality PESs that are supported by measurement.

Drawing from the findings of pioneers in instanton theory,
SCT and LCT, we speculate that perhaps it is the Co+ cation’s
electronic structure that reduces the potential energy barrier
widths in the coordinates transverse to the MEP, allowing the
reacting population greater exploration over the PES to ulti-
mately find shorter pathways, thereby increasing tunneling

efficiency. Providing computational support for our theory is
a topic of our next publication, where calculations of the
ground state PES and the structures associated with key inter-
mediates and transition states may lead to a refinement of our
hypothesis concerning the reduction of barrier width. This will
complement the experimental findings reported herein and
provide greater insight into this apparent innate ability of
certain transition metals to promote hydrogen QMT.

5 Conclusions

Unexpected kinetic properties have been measured in the Co+

mediated decomposition of CH3COOH and its perdeuterated
isomer. Reaction rates are observed to change rapidly at certain
threshold energies. This is interpreted as a transition from
quantum to statistical dynamic control over the chemical
reaction which manifests as a rapid change in the reaction’s
first order rate constant’s energy dependence. Compelling
evidence for this interpretation are measurements of relatively
small rate constants below the barriers, attributed to pure H/D
tunneling, and the large shift in barrier energies between the
isotopologues that is consistent with a primary KIE. A low
tunneling KIE and an unexpected QMT rate constant energy
dependence arise from such measurements. However, these can
be partially explained by associating a very narrow barrier width to
the rate-limiting hydrogen motion. We hypothesize that reduction
of the barrier width must be due to the interaction with the metal’s
charge and electronic structure. Some corroboration of this pos-
tulate is provided by our current study of Ni+ mediated chemistries
where a similar slight dependence of reaction rate constants on
system energy is measured (Fig. S3, ESI†).

These findings indicate that C–H bond activation mediated
by the Co+ cation in its ground, triplet coupled, electronic
configuration has significant tunneling contributions despite
exhibiting a small KIE. Moreover, given the efficiency by which
tunneling occurs in this system, QMT may extend to very low
system energies. Our current studies of similar properties
observed in Ni+ mediated chemistry suggest that such tunnel-
ing dynamics may be more general and a property attributable
to certain oxidized 3d transition metals suggesting their ability
as catalytic active sites in C–H functionalization chemistry.

Given the prevalence of oxidized, open-shell transition
metals to function as the catalytic active sites in metalloen-
zymes, we speculate whether the reaction dynamics inferred
here may extend to such systems. Kinetic studies of C–H
functionalization by metalloenzymes have measured very large
KIEs and this is regarded as the QMT hallmark. However, the
contributions of hydrogen tunneling in metalloenzyme chem-
istry may go unrealized should a measurement yield a small KIE
as this, on the contrary, may suggest highly efficient hydrogen
QMT. This suggests that QMT may be more pervasive in metal-
loenzyme chemistry than what current literature indicates.

Rate constants measured below each effective barrier result
from hydrogen/deuterium tunneling. Pure H/D tunneling rate
constants, uncontaminated by contributions from over-barrier

Fig. 4 The results from a simple tunneling model applied to our
measurements.
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kinetics, are not commonly measured. Our technique, in addi-
tion to groups that make rate measurements in cryogenic
fluids, are of the few that can achieve this goal. However, these
low temperature measurements are not typically associated
with catalysis and the rate constants acquired are rather small
(on the order of events per second). The chemistry here is
driven by the transition metal’s ability to lower reaction energy
requirements, which is the function of a catalytic active site.
Moreover, this chemistry occurs at high energies (on the order
of 25% of a C–H bond energy) and the tunneling rate constants
indicate turnovers of tens of thousands per second. This
research uniquely positions us to gain fundamental insight
into QMT in general, and its role in catalysis, underscoring the
significance of this research in advancing this field.
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