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ABSTRACT: Understanding the dynamics of proton transfer along low-barrier hydrogen
bonds remains an outstanding challenge of great fundamental and practical interest, reflecting
the central role of quantum effects in reactions of chemical and biological importance. Here,
we combine ab initio calculations with the semiclassical ring-polymer instanton method to
investigate tunneling processes on the ground electronic state of 6-hydroxy-2-formylfulvene
(HFE), a prototypical neutral molecule supporting low-barrier hydrogen-bonding. The results
emerging from a full-dimensional ab initio instanton analysis reveal that the tunneling path
does not pass through the instantaneous transition-state geometry. Instead, the tunneling
process involves a multidimensional reaction coordinate with concerted reorganization of the
heavy-atom skeletal framework to substantially reduce the donor—acceptor distance and drive
the ensuing intramolecular proton-transfer event. The predicted tunneling-induced splittings
for HFF isotopologues are in good agreement with experimental findings, leading to
percentage deviations of only 20—40%. Our full-dimensional results allow us to characterize
vibrational contributions along the tunneling path, highlighting the intrinsically multidimen-
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sional nature of the attendant hydron-migration dynamics.

roton transfer mediated by low-barrier hydrogen bonds

(LBHBs), which support an extremely low potential-
energy impediment for hydron migration, is a ubiquitous
quantum-mechanical phenomenon that plays a central role in
many reactions of chemical and biological importance.'™* In
particular, fluctuating low-barrier hydrogen bonds have been
proposed as essential elements of the molecular mechanisms of
cooperativity and allosteric regulation in proteins.” Evidence
for LBHBs in proteins can be traced back to reports of
chemical shifts in 'H NMR spectra that were significantly
downfield shifted (17 and 21 ppm), with inverse fractionation
factors (of about 0.3) suggesting a bond-order reduction of the
transferring hydrogen that increased discrimination against
deuterium in favor of an accumulation of protium when
compared to analogous H-bonds in D,0 and H,0.° Although
LBHBs have been implicated in numerous biochemical
pathways and have been explored extensively in condensed-
phase environments, some controversy still exists regarding
their putative roles in enzymatic catalysis.”'® The light mass
of hydrogen makes it especially susceptible to nuclear quantum
effects (NQEs), as well as to related phenomena arising from
zero-point energy (ZPE) offsets and potential-energy surface
(PES) anharmonicities, all of which can strongly modulate the
overall efficiency and detailed pathway of the attendant proton-
transfer events. Moreover, given the multidimensional
character of tunneling-mediated pathways, intimate coupling
among internal degrees of freedom can control both the
mechanism and the rate of the ensuing dynamics. Even subtle
displacements of heavy-atom centers in the complex of interest
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(e.g., donor/acceptor sites) can profoundly impact the nature
of hydron migration.'”"*® As such, an accurate and
quantitative description of NQEs has remained particularly
challenging, since it requires an all-atom, all-electron
simulation of the underlying dynamics.

Given the manifest importance of proton-transfer processes
in chemistry and biochemistry, significant attention has
focused on species containing intramolecular LBHBs, and
their ability to discern the most salient geometric and
electronic features that govern hydron migration. Recently,
6-hydroxy-2-formylfulvene (HFF) has emerged as a proto-
typical model system for the study of low-barrier hydrogen
bonding (LBHBing) and associated hydron-transfer dynamics
in neutral molecules.”’ ™ As shown in Figure 1, HFF is
characterized by a seven-membered reaction site in which a
strong O---H--O intramolecular interaction is stabilized by z-
electron conjugation with a cyclopentadiene ring. An atypical
quasilinear hydrogen bond spans the short distance connecting
hydroxymethylene (proton-donating) and formyl (proton-
accepting) moieties, with a small potential-energy impediment
for proton migration of ~800 cm™" giving rise to a vibrational
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Figure 1. Potential-energy topography. Comparison of energy profile
along the instanton path (H) and minimum-energy path (MEP). The
inset shows a graphical representation of the instanton proton-
tunneling path in HFF.

ZPE that putatively straddles the barrier crest.”> Experimental
measurements of tunneling-induced splitting for the vibration-

less (v = 0) level of the X'A; ground electronic state by Vealey
et al”' provided a value of AJ(HFF) = 124.8 cm™, which
represents the largest tunneling doublet ever reported for the
ground electronic state of a neutral species. The characteristics
of the LBHBing motif were confirmed by examining isotope
effects, where deuteration of the labile proton caused a marked
decrease in the tunneling splitting to AJ(HFF—d) = 36.4 cm ™,
leading to a deuterium kinetic isotope effect (DKIE) of A) =
AY(HFF)/AY(HFF—d) = 3.43 that bridges the metrics
expected for above-barrier (classical-transport) and below-
barrier (deep-tunneling) dynamics. From a theoretical
perspective, investigations of proton-transfer dynamics con-
ducted on potential-energy surfaces of reduced dimensionality
(e.g, one-dimensional or two-dimensional) have provided
invaluable insights, often enabling experimental trends to be
reproduced in a qualitative or semiquantitative fashion.”**®
The first reported ab initio study of the HFF ground electronic
state by Millefiori and Alparone** employed the MP3/6-
31G**//MP2/6-31G** methodology to find a proton-transfer
barrier height of ~1404 cm™, which, under the assumption of
a one-dimensional reaction coordinate, led to a predicted
tunneling splitting of 142 cm™'. Subsequent calculations on
unrelaxed two-dimensional reaction surfaces obtained at the
MP2/6-31G** level of theory were performed by Tayyari et
al.”® These authors utilized the O—H stretching and O—H--O
bending degrees of freedom as active modes, whereas all other
coordinates remained fixed at their optimized equilibrium
values. Such treatments revealed a substantial reaction
impediment of ~2274 cm™' and an associated tunneling
splitting of 167 cm™', with the latter displaying a strong
dependence on the potential-energy cutoffs imposed upon the
tunneling calculation. Nevertheless, the actual reaction
mechanism is multidimensional in nature, and theoretical
approaches based on reduced dimensions, which may be
difficult to determine a priori, can lead to unforeseen
complications that muddle the detailed interpretation of
spectroscopic measurements.”® As such, a comprehensive
understanding of HFF tunneling dynamics in potential-energy
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surfaces of high dimensionality that serve to mediate the
coupling among numerous modes of vibration still is lacking.

Here, we characterize proton-tunneling dynamics in the
ground electronic state of HFF by using full-dimensional ab
initio ring-polymer instanton (RPI) theory.””~*’ Ring-polymer
instanton theory provides a computationally expedient semi-
classical method suitable for unravelling the dynamics of
barrier penetration in complex systems. In particular, the
instanton represents the minimum-action path (with respect to
the Euclidean imaginary-time action) that connects the
reactants and the products, and has the ability to capture the
effects of tunnelling and anharmonicity along the reaction
pathway.’>*! Aside from providing mechanistic insights into
tunneling-mediated processes by identifying the optimal
reaction path, RPI is a single-shot method that does not
require detailed prior knowledge of the optimal tunneling path
and can be performed on a complex system without the need
to reduce dimensionality. The present implementation of this
approach entails all-atom and all-electron quantum simulations
that combine density-functional theory (DFT) treatments for
the electronic degrees of freedom with an RPI approximation
for the nuclear degrees of freedom to explore the unique
hydron-migration processes of HFF in full dimensionality. Our
full-dimensional analysis allows us to characterize the geo-
metrical parameters, isotope effects, vibrational contributions,
and multidimensional nature of proton migration through
LHBHs.

We begin by analyzing the instanton path for proton
tunneling in the ground electronic state of HFF as described in
full dimensionality at the DFT level (see Methods). Given the
exponential dependence of tunneling probability on the
reaction barrier height, the choice of electronic structure
method is very important for quantitative calculations of
tunneling-induced splitting. Although highly accurate ab initio
paradigms like CCSD(T) could be employed within the RPI
formalism,'® the extreme computational cost of such
approaches often limits their direct practical implementation.
Recent advances on machine-learning models that allow for the
parametrization of potential-energy surfaces at a high level of
theory can be employed to circumvent these challenges,
although such analyses still are very demanding. Thus, a
computationally expedient method that can reproduce the
results of more accurate quantum-chemical calculations must
be identified. In a recent study, Vealey et al.”* performed an
extensive comparison of reaction barriers for the ground
electronic state of HFF predicted by using different electronic-
structure methods and basis sets. The most accurate ab initio
barrier height, as computed at the CCSD(T)/aug-cc-pvqz//
CCSD(T)/aug-cc-pvdz level of theory, was found to be AE, =
870.5 cm™'. Quite remarkably, DFT calculations performed
with the @B97X correlation-exchange functional®* and aug-cc-
pvdz basis set produced a reaction impediment of
AE, = 873.1 cm™, in excellent agreement with the CCSD(T)
result. Moreover, upon inclusion of harmonic zero-point
energy contributions, the CCSD(T) and wB97X methods
both give ZPE-corrected barrier energies that essentially
vanish, with values of —7.5 and —34.2 cm™, respectively.
These results highlight the LBHBing nature of HFF, and
suggest that the description of attendant normal modes is
consistently captured at the CCSD(T) and wB97X levels of
theory.”” In contrast, calculations performed with the B3LYP
and MO06-2X functionals underestimated the proton-transfer
barrier by more than 400 cm™ and predicted the vibrationless
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Figure 2. Changes in structure during proton tunneling. Geometrical parameters evaluated along the proton-tunneling path in the ground
electronic state of HFF are depicted. Key structural metrics presented include (a) the oxygen donor—acceptor distance (dog), (b) the O—H---O
hydrogen-bond angle (8oy0), (¢) the two intramolecular O—H bond lengths (dg_y, in black; dg...4y, in red), and (d) the antisymmetrical 7-electron
delocalization metric,** Q = (dc_o — dc—o) + (dc_c — dc—c). Superimposed horizontal dashed lines correspond to the values of each parameter at

the transition-state (TS) configuration.

level of HFF to be situated >250 cm™' above the reaction
impediment.22 As such, the wB97X functional is deemed to
furnish a good compromise between accuracy and computa-
tional cost.

Figure 1 shows the energy profile along the instanton
coordinate for the parent HFF molecule (see section 2 of the
Supporting Information for energy profiles of isotopologues).
A graphical representation of the instanton path is presented in
the inset of the figure, where it can be observed that the labile
H atom is most heavily involved in the proton transfer process.
The instanton is based on a “least-action” principle (with
respect to the Euclidean imaginary-time action),””*" and thus
rigorously defines an optimal tunneling pathway that reveals
the key steps of the proton-transfer mechanism. For
comparison, Figure 1 also includes the shape of the
potential-energy profile along the minimum-energy path
(MEP), which corresponds to the trajectory of steepest
descent from the apex of the barrier (i.e., the location of the
transition state, TS). Of particular note is the fact that the
instanton pathlength is shorter than that of the MEP at the
expense of an increase in barrier height. This phenomenon
occurs because the instanton does not pass through the saddle-
point configuration of the TS, but rather chooses to cut the
corner’® and reduce the effective barrier width—a trade-off
that results in a minimization of the action and an increase in
the tunneling probability.

Changes in selected geometrical parameters of HFF along
the instanton pathway are shown in Figure 2. The tunneling
coordinate is found to be characterized by proton transfer
restricted to the molecular plane (data not shown), with two
different types of motion involved. The initial and final stages
entail reorganization of the skeletal geometry to substantially
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shorten/lengthen the donor—acceptor distance (dgo) and
increase/decrease linearity of the O—H—O hydrogen-bond
angle (ouo), accompanied by less-pronounced motion of the
transferring proton. In contrast, the intervening (or inter-
mediate) step involves a fast transfer of the proton, as reflected
by an increase (decrease) in the intramolecular O—H bond
length (do.p) with essentially negligible skeletal rearrange-
ment. Figure 2 also depicts the 7-electron delocalization metric
proposed by Gilli and co-workers,”* Q = (de_o — dco) +
(dc—c — dcoc), that affords a measure of resonance-assisted
hydrogen bonding. In particular, this antisymmetrical coor-
dinate shows the majority of electronic reorganization to occur
during the intermediate proton-transfer stage. Such behavior
mimics the hydron dynamics found in similar compounds such
as malonaldehyde®”**™*’ and tropolone,"***™*" where dis-
tortion of the heavy-atom framework permits the system to
attain an optimal geometry that reduces the effective tunneling
pathlength. Remarkably, the instanton path does not pass
through the transition-state configuration, as can be
appreciated from the fact that the dyo and fgy structural
parameters in Figure 2 never attain the TS values. This clearly
highlights the “corner-cutting” effects intrinsic to the instanton.

Having located the requisite instanton pathway, the
associated tunneling-induced splitting can be predicted by
implementing the RPI approach.””~>” Table 1 presents the
ground-state tunneling metrics estimated for the parent HFF
molecule as well as for two isotopologues involving
replacement of the shuttling proton by a more massive
deuteron or simultaneous substitution of the donor and
acceptor oxygen centers by heavier 80 atoms. Comparison
with spectroscopic measurements performed on the H-atom
and D-atom transfer reactions”' shows the instanton

https://doi.org/10.1021/acs.jpclett.3c01337
J. Phys. Chem. Lett. 2023, 14, 6368—6375


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c01337/suppl_file/jz3c01337_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01337?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01337?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01337?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01337?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c01337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Table 1. Ground-State Tunneling Splittings of HFF
Isotopologues

Isotopologue S (n) A9 (em™) A% (cm™)

HFF (H) 3.99 172.8 124.8°

HFE (D) 497 44.1 36.4°

HFF (*0) 4.03 170.4
“ref 21.

calculations to be in good agreement with experiments,
reproducing observed trends and producing a near-quantitative
deuterium kinetic isotope effect (DKIE) Ay/Ap of 3.9 relative
to the experimental value of 3.4. In particular, deuterium
substitution causes a significant reduction of the tunneling
splitting, an effect mostly due to the ~7 increase in the
instanton action. Further insights into the nature of isotope
effects can be gleaned from atomic contributions to the total
action, which can be calculated by recognizing that the squared
mass-weighted pathlength is proportional to the corresponding
action for tunneling.”” Using this metric, the tunneling proton
was found to yield roughly 60% of the total action, whereas the
oxygen atoms accounted for an additional 20% (see section 2
of the SI). These results suggest that tunneling dynamics
depend markedly on the isotopic form of the proton, with a
small contribution arising from the rest of the molecular
framework, an assertion confirmed by the analyses performed
on the '®0 isotopologue (Table 1). Indeed, the introduction of
80 produces a subtle reduction in the tunneling splitting, a
result that can be rationalized by the modest contribution of
oxygen atoms to the overall action as well as by the smaller
mass ratio between oxygen and hydrogen isotopes (viz., 1.125
for 80/'0 versus 2 for D/ H). Although measurements are
not available for '*O-substituted HFF, the high spectral
resolution reported in previous studies’"*” suggests that the
RPI predictions should be amenable to experimental
validation.

The theoretical tunneling metrics presented in Table 1 are in
good agreement with experimental findings, although instanton
predictions overestimate the magnitude of tunneling-induced
splitting by ~20—40%. Two possible sources can contribute to
this discrepancy. On the one hand, the computed tunneling
splitting displays exponential sensitivity with the instanton
action and inaccuracies in the potential-energy surface may
introduce significant discrepancies. Recognizing that the action
is proportional to the square-root of the potential energy,

S= /\/ 2V dr,”” an estimate of the error caused by the PES

can be obtained by considering the ratio of the present DFT
barrier height, AEPt = 873.1cm™}, to the best quantum-
chemical barrier height currently available, AE, = 870.5 cm™!
as determined at the CCSD(T)/aug-cc-pvqz//CCSD(T)/aug-
cc-pvdz level of theory.”” Assuming a universal scaling of the
PES, the excellent agreement that exists between the proton-
transfer barriers obtained by DFT (using the ®wB97X
functional) and CCSD(T) indicates that the action should
change by ~1.5% and the associated tunneling splitting would
change by less than 2%. [Since the instanton does not pass
through the transition-state geometry, it must be noted that
any analysis based solely on the accuracy of the barrier height
should be taken as a crude estimate.] Although more
sophisticated correction methods that improve the accuracy
of the PES along the actual instanton path can be
considered,”*’ this observation seems to preclude accuracy
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of the PES as the primary source of disagreement between
experiment and theory.

The second source of error in the present analyses is rooted
in the approximations inherent in the instanton approach.
Indeed, although the instanton captures all of the anharmo-
nicity along the instanton path, it neglects anharmonicities in
the orthogonal direction by assuming harmonic fluctuations,
an approximation that can fail for systems in which the ZPE is
comparable to the potential barrier, making the ZPE-corrected
barrier height vanishingly small (as certainly is the case in
HFF). This assertion is reinforced by the fact that tunneling
predictions for deuterated HFF are in closer agreement with
experiments than those for the parent (undeuterated) species.
To test the error introduced by the instanton approximation,
we performed ancillary calculations of tunneling-induced
splitting on analogous 1D and 2D potential-energy surfaces
obtained for HFF, for which exact calculations can be
performed (see section 3 of the SI). Even in this explicitly
low-barrier regime, such analyses showed that the instanton
approach was within 10—50% of the exact tunneling results.
We remark that similar conclusions were obtained from
reduced-dimensionality analysis of tunnelling splitting in the
formic acid dimer.”® It should be noted that removal of the
harmonic approximation without resorting to reduced-
dimensionality approaches would necessitate more demanding
path-integral™*~** or diffusion Monte Carlo*”** computations.
Alternatively, the perturbatively corrected ring-polymer in-
stanton theory recently introduced by Richardson and co-
workers affords a novel approach for incorporating higher-
order terms beyond those of the quadratic expansion.”" It will
be interesting to apply such methods to HFF in future studies.

To further characterize the multidimensional nature of the
instanton and unravel vibrational contributions to the
tunneling splitting of HFF, it proved instructive to perform a
normal-mode decomposition along the instanton path.***>**
Specifically, the instanton was projected along normal-mode
displacement vectors determined at stationary points of the
PES to decompose the contribution and coupling of each
vibration to the tunneling dynamics. Two different sets of
normal modes that offer complementary information were
employed. First the normal modes of the minimum-energy
configuration (MIN) were used to provide a description in
terms of the vibrational motion at equilibrium. Figure 3
highlights the resulting projections of the instanton path along
the subset of normal modes that undergo the Iargest
displacement during the tunneling process (see section 1 of
the SI for an analysis of normal modes). Detailed analysis of
the displacement vectors associated with these specific degrees
of freedom, shown schematically in the top panel of Figure 3,
reveals two types of vibrations that couple most effectively to
the reaction coordinate: (i) the OH stretching motion (23}™)
that promotes the proton transfer and (ii) modes associated
with wagging of the OCCO framework (4™, 4™, M,
13N) that substantially modulate the OO donor—acceptor
distance. It is worth pointing out that excitation of the ground-
state vibration assigned to the 1}™ wagging motion has been
observed to produce a ~30% increase in tunneling-induced
splitting (relative to that of v 0),”" thus highlighting the
crucial role that this mode plays in governing the efficacy of
proton migration.

Complementary information can be obtained by analyzing
projections of the tunneling path along vibrations determined
at the transition-state configuration, where the lone imaginary

https://doi.org/10.1021/acs.jpclett.3c01337
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Figure 3. Effects of vibrational motion. The top panel presents
displacement vectors for a subset of normal modes within the ground
electronic state of HFF as computed for the minimum-energy (MIN)
and transition-state (TS) configurations. The bottom panels display
the projection of the instanton path along selected MIN (left) and TS
(right) vibrational degrees of freedom.

mode (") takes on the role of the tunneling reaction
coordinate and thus provides a natural description of the
proton-transfer event. We remark that the definitions of
vibrational modes obtained at the transition-state config-
urations are different from their minimum-energy counterparts
(see section 1 of SI). Figure 3 illustrates the projections along
the instanton path for the subset of TS normal modes that
have the largest contributions. In agreement with the previous
discussion, motions that involved modulation of the O--O
distance (13°, viy, Visyis) largely are activated during the
tunneling process. In particular, detailed analyses of the
normal-mode composition reveal that the selected TS degrees
of freedom are correlated strongly with their MIN counterparts
(see section 1 of SI). Specifically, the imaginary v{° mode
correlates w1th the 1/3 MIN'OH stretching mode, whereas modes

vss, Uls, ULy and v are correlated with 3™, LN MIN and

1, respectively, although other degrees of freedom also
contribute. Note that the results in Figure 3 also suggest two
stages of skeletal rearrangement to take place before and after
proton migration occurs, in line with the discussion from
Figure 2. The fact that some displacements of the TS normal
modes are not zero at the middle of the instanton path
provides an additional manifestation of the aforementioned
“corner-cutting” effects.

The results in Figure 3 reveal that various vibrational modes
are activated during HFF tunneling dynamics and emphasize
the multidimensional nature of the attendant proton-transfer
process. This analysis also highlights the limitations of
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reduced-dimensionally schemes that demand the selection of
one or more relevant reactive modes, the identification of
which are difficult to make a priori.”*** Moreover, even modes
that do not participate directly can affect the tunneling
dynamics through ZPE contributions.”® In this regard, the RPI
methodology provides a general approach that can be
employed in full dimensionality without requiring knowledge
of the reaction path beforehand while still including the
(harmonic) ZPE contributions of all modes.

In conclusion, we have theoretically investigated the
dynamics of proton transfer through low-barrier hydrogen
bonds, a motif common to many reactions of chemical and
biological importance. In particular, ab initio calculations were
combined with the ring-polymer instanton method to analyze
isotopologues of 6-hydroxy-2-formylfulvene (HFF) in the X'A,
ground electronic state. We find that the tunneling-mediated
path for hydron migration does not pass directly through the
instantaneous transition-state geometry. Instead, the reaction
involves concerted reorganization of the heavy-atom skeletal
framework with a significant reduction of the donor—acceptor
distance during the proton-transfer event. In fact, the
intramolecular transformation is composed of three stages
involving initial and final rearrangements of the heavy-atom
skeletal framework to reduce the donor—acceptor distance
combined with an intermediate stage, during which the
ultrafast proton-transfer event occurs. This mechanism is
supported by calculation of vibrationless (v = 0) tunneling-
induced splitting for the H atom transfer reaction, which is
found to be in good agreement with experimental data.
Deuteration of the labile proton to form HFF-d leads to a
significant reduction in tunneling probability, with a corre-
sponding predicted DKIE of 3.9. Detailed analyses of
vibrational modes that are active along the instanton path
reveal that wagging motions of the OCCO reaction center,
which modulate the crucial separation of donating and
accepting oxygen moieties, are coupled strongly to the
proton-tunneling process and thus play prominent roles in
governing the efficacy of hydron migration.

B METHODS

Tunneling splittings were computed using the ring-polymer
instanton (RPI) method.””™° Within this formalism, the
quantum-mechanical problem of determining the tunneling
splitting in a molecule of N atoms is translated into a
minimization problem on a classical phase-space of a linear
polymer involving P replicas, or “beads”, of the system. The
beads are connected to nearest neighbors with harmonic
springs and the effective potential of the linear polymer is given

by:

P 3N

Up(R) = Z VR?) + 3 Y — L (RY

R(l 1))2
i=2 j=1 Z(ﬂ Ph)

where fp = /P and f = 1/kgT. Here, R() denotes the j-th
Cartesian coordinate of the i-th replica and V(RY) represents
the potential energy associated with the i-th replica
configuration. The instanton is defined as the path that
minimizes Up(R) while connecting the double-well config-
urations. Once the instanton is located, the tunneling splitting
is calculated as:
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A= z \/—S e
¢ )\ 2zh
where S = B,AaAU,(R) represents the instanton action. The

requisite determinant ratio, ¢, controlling the prefactor follows
from:

-S/h

3PN-7

| | P
3PN-6

| P

where v; represents the vibrational frequencies of the linear
polymer connecting the double-well configurations (namely,
the instanton) and 1! represents the frequencies of the
configuration with the polymer collapsed to the bottom of one
of the potential wells (namely, into the equilibrium position).
We remark that the zero-frequency modes corresponding to
overall translation, rotation, and, for the case of the instanton,
cyclic permutation of the replicas is not included in the
determinant ratio ¢.

The full dimensional instanton path was located with an in-
house code combining the L-BFGS algorithm®* with on-the-
fly, ab initio energy and force evaluations. Optimizations were
performed in mass-weighted Cartesian coordinates, and
convergence was achieved when the maximum absolute value
of all components in the mass-scaled gradient was lower than
107 atomic units. Converged actions were obtained for f =
16000 and P = 1024 (see section 2 of the SI for additional
details). All electronic-structure calculations required to obtain
energies and forces were performed at the density functional
theory (DFT) level with the Gaussian 16 Rev. CO1 software
package™ using the @B97X functional®* and the aug-cc-pvdz
basis set.*®

Decomposition of normal-mode contributions was per-
formed according to the procedures elaborated else-
where*®*>** by projecting the instanton path along the unit
vectors in mass-scaled Cartesian coordinates associated with
either the minimum-energy (MIN) or transition-state (TS)
configuration (see section 2 of the SI). To reduce errors due to
translations and rotations, the structures for the TS, MIN, and
instanton were centered on their respective centers of mass
and rotated to align the cyclopentadiene ring of HFF.

Reduced dimensionality calculations were performed on 1D
and 2D potential energy surfaces. For the 1D calculation, the
(relaxed) PES was constructed by scanning along the
imaginary-frequency normal mode while relaxing all other
degrees of freedom.® For the 2D calculations, in addition to
the lone normal mode of the imaginary frequency, three modes
related to the symmetric O--O breathing and C=0/HO-C
wagging motions also were included separately. Exact
tunneling splitting on these 1D/2D surfaces were obtained
by performing imaginary time propagation using the SOFT
method.””**

¢=
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