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ABSTRACT: The importance of quantum-mechanical tunneling becomes increasingly recognized in chemical reactions involving
hydrogen as well as heavier atoms. Here we report concerted heavy-atom tunneling in an oxygen—oxygen bond breaking reaction
from cyclic beryllium peroxide to linear dioxide in cryogenic Ne matrix, as evidenced by subtle temperature-dependent reaction
kinetics and unusually large kinetic isotope effects. Furthermore, we demonstrate that the tunneling rate can be tuned through noble
gas atom coordination on the electrophilic beryllium center of Be(O,), as the halflife dramatically increased from 0.1 h for
NeBe(O,) at 3 K to 12.8 h for ArBe(O,). Quantum chemistry and instanton theory calculations reveal that noble gas coordination
notably stabilizes the reactants and transition states, increases the barrier heights and widths, and consequently reduces the reaction
rate drastically. The calculated rates and in particular kinetic isotope effects are in good agreement with experiment.

n the classical picture, a chemical reaction with an energetic

barrier can only proceed at reaction energies higher than the
barrier, leading to the well-known Arrhenius formula for
reaction rates. However, chemical reactions can occur at
energies below the reaction barrier through quantum-
mechanical tunneling (QMT), resulting in the deviation of
the reaction rates from the Arrhenius behavior and unusually
large kinetic isotope effects (KIEs).'™* The effect of QMT
becomes especially important in low-temperature environ-
ments such as the interstellar medium.”® Since the first
introduction of QMT in chemistry,”~ QMT has been
recognized to play important roles in a variety of light
hydrogen-atom transfer reactions.'’~"*

Aside from the apparent mass effect, quantum tunneling is
also strongly dependent on the height and width of the
reaction barrier. The possibility of heavy-atom tunneling in
reactions with narrow yet high barriers was first emphasized by
Wigner® and was demonstrated by the automerization of
cyclobutadiene with concerted motion of the endocyclic
carbon and hydrogen atoms in the four-membered ring."
Later on, more and more tunneling reactions by carbon have
been observed for diverse organic systems in the low-
temperature processes.'*"> QMT involving nitrogen atom
has been reported for the spin crossover isomerization of
transient nitrene intermediates in noble gas matrices.”*”*°
Theoretical studies reveal that the barriers are cusped through
spin crossover, leading to significantly reduced barrier widths
to allow heavy-atom tunneling.”” Recent reports show that
quantum tunneling also contributes to the rotation of carbon
monoxide adsorbed on condensed surfaces.”* " Here we
report a clear-cut example of concerted heavy-atom tunneling
by oxygen and beryllium atoms during the spin crossover ring-
opening reaction of singlet beryllium peroxide to form triplet
linear dioxide in cryogenic Ne matrix.

The beryllium—oxygen species are generated via the
reactions of beryllium atoms with dioxygen in solid neon
and are detected by infrared absorption spectroscopy, as
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described in detail in Supporting Information. Two absorp-
tions at 1310.4 and 1064.1 cm™" are produced upon 4 < 280
nm UV light irradiation (Figure S1), which spontaneously
convert into a 1431.4 cm™" absorption when the sample is left
in the dark at 3 K (Figure S2). Based on the isotopic shift and
splitting (Figure S3), the 1310.4 and 1064.1 cm™" absorptions
can be assigned to a cyclic Be(O,) species. The 1431.4 cm™
absorption is attributed to the linear beryllium dioxide isomer.
The cyclic Be(O,) molecule was predicted to have a singlet
('A,) ground state with C,, symmetry.”' > The Be center has
an atomic charge of +1.36.” The lowest unoccupied molecular
orbital is primarily a hybrid of Be 2s and 2p atomic orbitals
that is directed away from the oxygen atom (Figure S4). These
indicate that the Be center in Be(O,) is highly electrophilic,
analogous to the diatomic BeO molecule, which is the
strongest diatomic Lewis acid that binds rather strongly with
a noble gas atom.”™ Thus, the cyclic Be(O,) molecule
trapped in solid neon may in fact coordinated by a neon atom,
and the 13104 and 1064.1 cm™' absorptions should be
assigned to the NeBe(O,) complex rather than the bare
Be(0,) molecule.

The assignment of NeBe(O,) is confirmed by argon doping
experiments. As shown in Figure 1, an additional red-shifted
absorption is produced for each mode of NeBe(O,) when
0.25% argon is doped into neon. These newly appearing
absorptions are due to the ArBe(O,) complex formed by
replacing the coordinated neon atom in NeBe(O,) with the
heavier argon atom. In contrast, the 1431.4 cm™' absorption
attributed to the beryllium dioxide molecule shows very small
red shift (<0.5 cm™) in the argon doping experiment (Figure
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Figure 1. Difference IR spectra from codeposition of laser-evaporated Wavenumber (cm-")
Be atoms with 0.05% O, in neon (spectrum taken after 10 min of UV
light irradiation and standing in dark for a period of time () minus B
spectrum taken right after 10 min of UV light irradiation): (i) no 0.03 4
doping, ¢ = 73 min; (ii) doped with 0.25% Ar, t = 46 h.
A NeBe('*0,)
o = NeBe('°0,)
1), indicating that OBeO only forms weakly bound van der £
Waals complexes with the noble gas atoms (hereafter noted as 3 0.02-
£
OBeO-Ng). s
The observation of spontaneous ring-opening reaction from £
the noble gas atom-coordinated beryllium peroxide complex 8
NeBe(O,) to the dioxide complex OBeO-Ne in solid neon 0.01
suggests that the reaction takes place via QMT. The kinetics of
this oxygen—oxygen bond breaking reaction are studied by
monitoring the intensity changes of the IR bands of NgBe(O,)
and OBeO---Ng with time. Figure 2A shows representative 0.00 -, . , . . , ,
difference IR spectra obtained using an equimolar mixture of 0 1000 2000 3000 4000 5000 6000
%0, and '®0,. The downward absorptions represent the Time /s

depletion of the NeBe('°0,) and NeBe('*0,) isotopologues
with time, whereas the upward absorptions represent the
production of the '*OBe'0--Ne and '0Be'*0:--Ne isotopo-
logues with time. From these experiments, the time depend-
ences of the concentrations of the reactant and product at
different temperatures are obtained (Figures S6—S15). Figure
2B shows the measured decays for the ring-opening of the
NeBe('°0,) and NeBe('*0,) isotopologues in solid neon
matrix at 3 K. Fitting the experimental data with first-order
exponential decay equations gives rate constants of 1.8 X 107>
and 3.5 X 107* s7' for the two isotopologues, respectively,
resulting in a quite large KIE of S.1, significantly larger than the
values (<1.1) reported in typical oxygen-involving reactions.*®
The half-life of NeBe('°0,) is determined to be 6.4 min (0.1
h) at 3 K. The experimentally determined rate constants for
NeBe(0,) at different temperatures up to 8 K in solid neon are
listed in Table 1, which show very small increases upon raising
the temperature to 8 K. The observed subtle temperature-
dependent reaction kinetics and unusually large kinetic isotope
effects for the 80 substitutions provide solid evidence for the
occurrence of QMT in this oxygen—oxygen bond breaking
reaction. The rate constant of ArBe(O,) is determined to be
1.5 X 107 s7}, which corresponds to a half-life of 12.8 h
(Table 1). The decay rate is reduced by 120 times when the
neon atom in NeBe(O,) is replaced by argon.

Quantum chemistry calculations confirm that the cyclic
beryllium peroxide molecule can be coordinated by a noble gas
atom in forming the NgBe(O,) complexes (Ng = Ne, Ar). The
geometries optimized at the CCSD(T)/aug-cc-pVIZ and
NEVPT2/aug-cc-pVIZ levels are very similar, as shown in
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Figure 2. Observed kinetics of the NeBe(O,) — OBeO--Ne
isomerization reaction. (A) Difference IR spectra from the reaction
of laser-evaporated Be atoms with 0.05% °O, + 0.05% 'O, in neon
at 3 K (spectrum taken after 10 min of UV light irradiation and
standing in dark for a period of time (t) minus spectrum taken right
after 10 min of UV light irradiation). (B) Kinetics of spontaneous
consumption of NeBe('°0,) and NeBe(**0,) in neon matrix at 3 K.
The solid lines represent the best fits obtained using a first-order
exponential decay equation.

Figure S16. The calculations indicate that the two Be—O bond
lengths become longer whereas the O—O bond becomes
shorter upon noble gas atom coordination. The Ng—Be bond
dissociation energies (BDEs) are predicted to be 3.6 and 9.0
kcal mol™ for Ne and Ar, respectively, at the CCSD(T) level.
The MRCI-F12+Q/aug-cc-pVTZ calculations give very similar
values (Table S2). Bonding analyses indicate that the noble gas
atom serves as an electron donor. The electron density transfer
from Ng to the Be(O,) fragment strengthens the O—O bond
and weakens the bonding interactions between Be** and O,*~
due to reduced electrostatic interaction (Table S3). The more
stable linear beryllium dioxide isomer is predicted to have a
trlplet ground state (32 ), with an open-shell singlet state
('A,) lying slightly h1gher in energy as reported previously.””
The linear OBeO molecule only forms weakly bound van der
Waals complexes with noble gas atoms in both the triplet and
open-shell singlet states.

The potential energy profiles of these ring-opening reactions
as a function of the O—Be—O bond angle were calculated at
the MRCI-F12+Q_level (shown in Figure 3A) to obtain the
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Table 1. Experimental and Calculated Rate Constants and Half-Lives of the NgBe(O,) — OBeO-Ng (Ng = Ne, Ar)

Isomerization Reactions

exptl caled
species T (K) k (10, s71) ti k (0, s71) k (10, s71) tin k (**0,, s71)
Be(0,) 4.1 x 10* 1.7 X 107° s
NeBe(O,) 3 1.8 X 1073 6.4 min 3.5 % 107* 22 x 107! 32s 3.5 % 1072
4 1.7 x 1073 6.8 min 33 %107
5 1.7 x 1073 6.8 min
6 2.0 x 1073 5.8 min
7 2.5 x 1073 4.6 min
8 2.7 X 1073 4.3 min
ArBe(0,) 3 1.5 x 1075 128 h 12 x 107 160.5 h
A B 10° Cc
Be(0,)
5.0 NeBe(0,) .
ArBe(0,) 10° 1
~ 25
I 107 4
£ 0.0
g -2.5 1 2
o
2 50 % 1o~
w
v
2
g -7.5 1077 krsy NeBe(0,)
& Kesr ArBe(0,)
-10.0 10-10 4 K NeBe(O;)
K ArBe(0;)
-12.5 Kz Be(0;)
T T T T T T 10713 -+ T T T T T T T
60 80 100 120 140 160 180 15 20 25 30 35 40 45 50
£0BeO (°) 1000/T (K'*)

Figure 3. (A) Calculated potential energy profiles of the singlet state as a function of the O—Be—O bond angle (0) connecting the reactants and
the products. (B) Calculated rate constants based on the transition state theory (kpgr) and the instanton theory (k;,,) at the NEVPT2 level shown
as Arrhenius plots. The dashed lines mark the MRCI corrected rates. (C) Optimized instanton (minimum-action tunneling pathway) for
NeBe(O,) at 20 K. The arrows indicate the moving directions of the tunneling atoms. The coloring of the atoms is the same as in Figure 1.

classical isomerization reaction barriers. Since the reactant has
a singlet ground state whereas the product has a triplet ground
state, the reaction proceeds via spin crossing. As shown in
Figure S17, the crossing between the singlet and triplet states
occurs after the transition state and lies lower in energy than
the reactant for both systems. Thus, the barrier heights for
breaking the oxygen—oxygen bond of the NgBe(O,)
complexes are not affected by the spin crossover. The
predicted barrier heights at the NEVPT2 and MRCI-F12+Q_
levels are listed in Table SS. The bare Be(O,) complex needs
to overcome an energy barrier of about 2.8 kcal mol™" to form
the more stable linear OBeO isomer in the lAg state, which is
slightly larger than that calculated earlier at the MRCI+Q
level.” Noble gas atom coordination stabilizes the reactant as
well as the transition state with respect to the product, as
OBeO only forms weakly bound van der Waals complexes with
noble gas atoms. As shown in Figure S18, the Ng—Be bond
distance of the transition state is longer than that of the
reactant for both reactions. This indicates that noble gas
coordination would cause a steady increase of the reaction
barrier, which is predicted to be 4.5 and 5.7 kcal mol™" at the
MRCI-F12-Q level for Ng = Ne and Ar, respectively (Table
Ss5).

Ring—polymer instanton theory was used to calculate the
tunneling rate constants and the kinetic isotope effects.’”**
The crossover temperatures to quantum tunneling are ~65 K
for both NeBe(O,) and ArBe(O,). Therefore, instanton rate
constants from 20—60 K were calculated at the NEVPT?2 level
with the assistance of Gaussian process regression and
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corrected at the MRCI-F12+Q_level (shown in Figure 3B).
At 3 K, the calculated rate constants based on the transition
state theory are over 200 orders of magnitude smaller than the
experimental values, indicating that the contribution from
passage over the barrier is negligible and the tunneling
contribution dominates. In contrast, the rate constants based
on the instanton theory become temperature-independent
below 40 K. As shown in Table 1, the instanton theory
calculations predict that the reaction rate is reduced by about 5
orders of magnitude upon neon atom coordination on Be(O,).
An additional 5 orders of magnitude reduction is predicted
when the neon atom in NeBe(O,) is replaced by an argon
atom. Apart from the apparent increase of the barrier height,
noble gas coordination also notably enhances the barrier width
(Table SS) and consequently reduces the tunneling rate. The
predicted rates are in reasonable agreement with the
experimental values considering that the calculations are
based on the gas-phase free molecules whereas the
experimental values are measured in solid neon matrix,
which apparently will affect the tunneling rate as discussed
previously.'”** The ArBe(O,) complex in solid argon matrix
decays with a rate of 6.4 X 107 s at 3 K, about 2 times
slower than that in neon. The KIE (°0,/%0,) of NeBe(O,)
reaction at 3 K is predicted to be 6.2, in good agreement with
the experimental value of S.1. The optimal tunneling pathways
(Figure 3C) reveal a concerted tunneling mechanism of
oxygen and Be, where the two oxygen atoms contribute about
84% of the squared mass-weighted tunneling path length and
the remainder is from the metal atom (Be). While corner-
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cutting effects are modest in this reaction, they do play a key
role in minimizing the unfavorable tunneling of the Ng atom in
the optimal tunneling path.

The present finding shows that the beryllium peroxide
oxygen—oxygen bond breaking reaction is dominated by
QMT. It is conceivable that QMT plays an important role in
other oxygen—oxygen bond breaking or forming reactions.
Previous theoretical studies already predicted that the barrier
for the ring-opening isomerization reaction of the elusive cyclic
ozone can be penetrated by facile oxygen tunneling.”” Our
results also show that the tunneling rates can be fine-tuned via
noble gas atom coordination, which may serve as a practical
strategy of controlling the tunneling reactions involving an
electrophilic metal center.
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