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Quantum tunneling is known to be mass dependent. Here we report an

unexpected mass effect on tunneling reactions in isocyanic acid radical anions
(HNCO"), which exhibit negative electron affinities. The cis- and trans-isomers
of HNCO"™ were generated in a solid neon matrix and their interconversion and

electron-detachment tunneling kinetics were investigated using infrared
absorption spectroscopy. The results reveal that electron tunneling, which
involves some degree of nuclear motion of HNCO™ to neutral HNCO, occurs at
a slower rate than the cis-to-trans isomerization of HNCO™, with the latter
following a distinct bond angle inversion pathway driven by the heavy carbon
atom. This contrasts to the typical dominance of light hydrogen atom tun-
neling in cis-trans isomerization systems. These findings are rationalized by
instanton theory calculations. Our model, which explicitly includes the neon
matrix via a QM/MM approach, reveals that the carbon-driven pathway is
favored by a lower barrier and shorter tunneling distance.

Quantum tunneling is a fundamental phenomenon that allows parti-
cles, such as electrons or atoms, to pass through energy barriers that,
classically, they would be unable to overcome. It is well established
that the probability of a particle tunneling through a barrier decreases
exponentially with the square-root of the effective mass of the particle
involved in tunneling’, making it most prominent for low-mass parti-
cles like electrons and protons. Since its introduction in chemistry,
quantum tunneling has been recognized as playing a crucial role in
various hydrogen/proton transfer reactions”®. Heavy-atom tunneling,
involving elements like carbon, nitrogen, and oxygen, has also been
observed in certain reactions, especially under low-temperature
conditions’ ¢,

Isomerization is one area where tunneling plays a key role, espe-
cially in molecular systems undergoing cis-trans transformations”.
While more complex mechanisms, such as bond-angle inversion (BAl),
have been identified in many thermally or photochemically induced
isomerization processes'®?, cis-trans isomerization reactions gov-
erned by tunneling are primarily driven by simple rotation about single
bonds involving light hydrogen atoms. This phenomenon has been

observed in high-lying conformers of various molecular systems,
including carboxylic acids and their derivatives (such as amino
acids)®?, diacids like oxalic acid**, phenol derivatives”,
hydroxycarbenes*?, metaphosphorous acid (HOPO)*, and carboxyl
radical (HOCO)*.

In this work, the isocyanic acid radical anion offers a fascinating
system for studying mass-dependent tunneling dynamics, owing to its
unique electronic structure and the presence of multiple potential
tunneling mechanisms. The radical anion exhibits negative electron
affinity, enabling it to release an electron and form neutral HNCO
through electron tunneling. The cis- and trans- isomers of HNCO™
exhibit distinct stabilities and can interconvert via two possible tun-
neling pathways: one involves N-H bond rotation through hydrogen
tunneling, while the other involves NCO BAI via the tunneling of the
heavier carbon atom (Fig. 1). In addition to its fundamental interest, the
HNCO™ anion holds practical significance in astrochemistry. Isocyanic
acid is a key molecule in understanding the evolution of prebiotic
chemistry, including the formation of peptides, amino acids, and
proteins®®?,
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Fig. 1| Potential tunneling pathways. Two possible tunneling pathways, namely,
the N — H bond rotation and the NCO bond angle inversion are shown for the cis- to
trans-HNCO™ isomerization reaction. Red dashed line: rotation axis of the N-H
bond; red dotted arrow: direction of carbon motion during NCO bond-angle
inversion.
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Fig. 2 | IR spectra. Difference spectra in the regions of 2300 - 2240, 1680 - 1600,
1240 - 1180, and 1140 - 1060 cm™ reflecting the spontaneous isomerization of cis-
HNCO™ (a) to trans-HNCO™ (b), and to HNCO (c) in a Ne matrix at 3K. A The
spectrum obtained after the sample kept in the dark for 16 h to that taken imme-
diately after sample deposition; B The spectrum obtained after the sample had
stood in the dark for 65 h to that taken after the sample had stood in the dark for
16 h. For clarity, the spectra in the ranges of 1240 - 1180, and 1140 -1060 cm™ are
expanded 5 times along the absorbance axis.

Results and Discussion

The HNCO™ anions were produced through high-frequency discharge
of neutral HNCO in the gas phase and then trapped in a solid neon
matrix (See “Methods” for details). After 30 min of sample deposition
at 3K, two distinct groups of product absorptions, labeled as a and b,
were detected. Group a displayed five absorptions at 2883.3, 2718.9,
1637.2, 1198.8 and 1090.8 cm™, while group b showed six absorptions
at3267.4,1645.4,1218.8,1120.2, 654.8 and 636.1 cm™. The IR difference
spectrum presented in Fig. 2A (comparing the spectrum acquired after
the sample kept in the dark for a period of time with that obtained
immediately after sample deposition) demonstrates a decline in the
absorptions of group a, while those of group b and HNCO neutral (c)
increased. Over time, the absorptions of group a almost disappeared,
group b absorptions started to decrease, and the absorptions of neu-
tral HNCO continued to increase (Fig. 2B). These observations suggest
spontaneous conversions of species a to species b and to neutral
HNCO in the dark at 3 K. Notably, as illustrated in Supplementary Fig. 1,
species b can convert back to species a upon red light (625 nm) irra-
diation, while both groups of absorptions disappear under blue light
irradiation, accompanied by an increase in neutral HNCO absorptions
(Supplementary Fig. 2). These results suggest that species a and b are
charged forms of HNCO**. Experiments with isotopically labeled
HBSNCO, HNBCO and DNCO samples were also conducted, and their IR
difference spectra in selected regions are presented in Supplementary
Figs 4-6. The band positions of both groups and their isotopic coun-
terparts are listed in Table 1.

The strongest absorption at 1637.2cm™ for species a and for
species b at 1645.4 cm™ exhibited significant carbon-13 isotopic fre-
quency shifts of -42.1 cm™, alongside minor shifts for deuterium (-8.0
and -8.9cm™) and nitrogen-15 (2.1 and -2.9 cm™), suggesting that
these absorptions are due to an NCO antisymmetric stretching vibra-
tion. The band positions (1637.2 and 1645.4 cm™) are notably lower
than that of the neutral HNCO molecule at 2268.5 cm™, suggesting that
species a and b are HNCO™™ anion isomers. This is comparable to the
isoelectronic CO,™~ anion, which also exhibits a lower OCO antisym-
metric stretching vibration mode (1658.3 cm™, Ne matrix) than that of
neutral CO, (2348.2 cm™, Ne matrix)™>.

Quantum chemistry calculations using the XYGJ-OS functional, an
accurate doubly hybrid density functional, with the jul-cc-pVTZ basis
set, were performed to validate the experimental assignments (See
“Methods” for details). The neutral HNCO molecule exhibits a single

Table 1| Observed and calculated vibrational data for cis-HNCO™ and trans-HNCO™

Species Vobs[a] Vcal[b] Av(ulmc)[c] Av(14/15N)[c] AV(D /H)[c] Mode
Obs. Cal. Obs. Cal. Obs. Cal.

cis-HNCO™ 2883.3 3157.4 (303) -1.3 -0.2 -9.1 -6.0 -890.6 -858.1 Vi
2718.9 2806.0 (18) -46.6 -46.2 -19.9 -24.0 n.o.d -176.2 Vot vy
1637.2 1689.5 (790) -42.1 -45.5 =21 =3 -8.0 =31 Vo
1198.8 1193.4 (34) -16.1 -14.4 -1.6 =58 n.o. -41.8 V3
1090.8 6.5 (23) -2.3 -0.8 -15.3 -18.4 -150.6 -173.0 Vg
n.o. 652.5 (37) n.o. -6.4 n.o. -3.8 n.o. -91.8 Vs
n.o. 557.2 (14) n.o. -8.8 n.o. -2.2 n.o. -62.3 Ve

trans-HNCO™ 3267.4 3535.1(13) n.o. -0.1 -5.6 =77 n.o. -950.8 vy
1645.4 1714.9 (706) -42.1 -45.9 -2.9 -4.0 -8.9 -9.6 Vo
1218.8 1184.4 (125) 1515 -10.2 -16.8 -14.1 n.o. -21.8 V3
1120.2 1136.4 (60) -0.8 -2.6 -4.8 -8.4 n.o. -243.1 Vg
654.8 658.2 (34) -35 -4 -0.3 -0.3 n.o. -76.8 Vs
636.1 612.8 (23) -9.3 -10.9 -5.2 -4.4 n.o. -95.3 Ve

[a] Observed IR frequencies (cm™) in Ne matrix at 3 K. [b] Calculated harmonic IR frequencies and intensities (km mol™, in parentheses) at the XYGJ-OS/jul-cc-pVTZ level of theory. [c] Observed and

calculated isotopic shifts. [d] The abbreviation “n.o.” denotes “not observed”.
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Fig. 3 | Experimentally observed kinetics. The kinetics (squares in black) of the
cis-to-trans isomerization of HNCO™ and the electron detachment involving nuclear
motion to neutral HNCO measured in a Ne matrix at 3 K. The solid lines in red
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represent the best fits obtained using exponential decay and/or growth equations,
Egs. (4-6) shown in “Method” section. All fitted curves yielded coefficients of
determination (R*>0.999). A cis-HNCO™, B trans-HNCO", and C HNCO.

conformer, which has a quasi-linear N = C = O structure. In contrast, the
HNCO™ anion is predicted to be bent, with two isomeric forms: cis and
trans. The trans-isomer is 17.5 k) mol™ more stable than the cis-isomer,
confirming that the group a absorptions correspond to the less stable
cis-isomer, while the group b absorptions are associated with the more
stable trans-isomer (Table 1). The calculated vibrational frequencies
and isotopic frequency shifts are listed in Table 1, which provides
strong support for the experimental assignments. For the cis-isomer,
the band at 1637.2 cm™ aligns well with the theoretically calculated IR
frequency of 1689.5 cm™ for the NCO antisymmetric stretching mode
(v5). Compared to neutral HNCO (2141.0 cm™), this mode shows a
significant red-shift of 631.3 cm™, consistent with the calculated shift of
612.5cm™. The 2883.3cm™ absorption observed in cis-isomer is
attributed to the N-H stretching mode (v))*. The absorption at
1198.8cm™ is assigned to the in-plane HNC bending mode (v3). A
similar mode of the isoelectronic HNNO molecule is observed at
1166.9cm™ in the Xe matrix**. The absorption at 1090.8cm™ is
attributed to the in-plane N-H bending mode (v;). The weak
absorption at 2718.9 cm™ is assigned to a combination mode (v, +vy)
based on its band position and isotopic shifts. For the trans-isomer, the
N - H stretching mode is observed at 3267.4 cm™, and the 1218.8 and
1120.2 cm™ absorptions are assigned to the in-plane HNC bending and
in-plane N - H bending modes, respectively, both of which occur at
slightly higher frequencies than those observed in the cis-isomer.

The spontaneous cis-to-trans and anion-to-neutral conversions
observed in the dark at 3 K suggest that the cis-to-trans isomerization
and electron detachment reactions possibly proceed via quantum
mechanical tunneling, as the available energy (kg7 = 0.25 meV) is sev-
eral orders of magnitude lower than the calculated barrier for cis-to-
trans isomerization (see below) and is insufficient to drive these pro-
cesses thermally. Kinetics for these reactions were investigated by
monitoring the intensity changes of the IR bands corresponding to the
three species over time (Fig. 3). The strongest absorption associated
with the NCO antisymmetric stretching mode was used for each spe-
cies. The experimental data were fitted using exponential decay and/or
growth equations (See “Methods” for details), with the resulting rate
constants summarized in Supplementary Tables 1, 2. The cis-to-trans
isomerization reaction has a rate of 8.5+ 0.4 x107° s, which is larger
than those of the electron detachment reactions, determined to be
5.0+£0.2x10° and 4.9+0.2x10° s* for cis- and trans-HNCO",
respectively. To assess whether the observed processes are stimulated
by the IR radiation from the spectrometer, additional comparative
experiments with IR filter or under distinct conditions were per-
formed. The results are shown in Supplementary Figs 8-10, respec-
tively, which demonstrate that globar IR radiation has negligible
influence on both the cis-to-trans HNCO™ isomerization and the cis-
HNCO™ > HNCO electron-detachment kinetics, while it promotes the
trans-HNCO™ > HNCO detachment process.

To elucidate the tunneling reaction mechanism for the cis-to-trans
isomerization of HNCO™ and the electron-detachment of HNCO™ to
HNCO, rate constants for the isotopically labeled H*NCO™~, HN*CO™,
and DNCO™ species were measured (Supplementary Figs 4-6), and
kinetic isotope effects (KIEs) were determined. The KIE of nitrogen was
determined to be 1.1+ 0.1, indicating minimal nitrogen involvement in
the tunneling process. The KIE of H/D was determined to be 9.9 +1.0,
which is significantly lower than those typically observed for
hydrogen-atom tunneling-controlled cis-trans isomerization reactions
in cryogenic matrices under similar conditions (for oxalic acid, ky/
kp >10%*%. In contrast, the KIE of carbon (1.7 £ 0.1) is substantially
larger than those observed in typical carbon-atom tunneling
reactions®™*. For instance, the KIE of carbon in the ring-opening of
cyclopropylcarbinyl radical at =100 °C was determined to be only 1.2%,
This KIE value suggests significant involvement of the carbon atom in
the tunneling process, indicating that the isomerization reaction fol-
lows the BAI mechanism rather than the N-H bond rotation
mechanism. It’s interesting to note that electron detachment tunneling
reactions also exhibit notable kinetic isotope effects for carbon. For
instance, the cis-HNCO™ to HNCO reaction shows a KIE of 1.3+0.],
while the trans-HNCO™ to HNCO reaction has a KIE of 1.2 + 0.1. These
values suggest that the electron detachment tunneling processes
involve nuclear motion of the carbon atom, which drives the sig-
nificant structural changes from the bent HNCO™~ to neutral HNCO
with a quasi-linear N = C = O moiety.

Quantum chemistry calculations predicted that the BAI pathway
for cis-to-trans isomerization features a quasi-linear intermediate with
a barrier of 21.3 k) mol™ (Fig. 4A). For both the cis- and trans-HNCO™
isomers, electron detachment, concurrent with nuclear rearrange-
ment, is exothermic but requires passage through the crossing
between the negatively charged and the neutral quasi-diabatic states.
Two crossing points were identified on the potential energy surface
(Fig. 4A): one for the cis-HNCO'™ anion isomer, located ~14.3 k] mol™
above cis-HNCO™, and another for the trans-HNCO™ isomer, posi-
tioned ~9.2 k] mol™ above trans-HNCO"". Notably, both crossing points
lie below the energy of the transition state (TS) in the BAI pathway. The
observed electron detachment rates, which are lower than the cis-to-
trans isomerization rates, suggest that curve crossing occurs with low
probability—possibly due to matrix effects localizing the electron.
However, the complexity of the matrix environment makes it chal-
lenging to compute this probability.

To understand why the conventional N-H bond rotation iso-
merization mechanism was not observed, we extensively performed TS
searches for both in-plane and out-of-plane N-H rotation
mechanisms*’. No TSs were found for either mechanism. The in-plane
N -H rotation has a second order stationary point rather than a TS.
Meanwhile, we show through a 2D scan (Supplementary Fig. 13) that
out-of-plane N-H rotation is energetically unfavorable compared to
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shown. The numbers indicate the percentage contribution of each atom to the total
squared mass-weighted tunneling path length for the respective gas-phase path-
ways. C Comparison of the potential energy profiles for the C-inversion instanton
pathways in the gas phase (blue solid line) and within the QM/MM model (dashed
magenta line). D A cross-sectional view of the C-inversion instanton pathway
embedded in the QM/MM model simulating the neon matrix. The surrounding Ne
atoms are partitioned into an inner shell (light blue) flexible in the instanton cal-
culations and a fixed outer shell (dark blue). Atomic contributions to the tunneling
path within the matrix are shown.

BAI, which might be rationalized as follows. Orbital analysis reveals that
in the planar cis- and trans-HNCO'™ isomers, the nitrogen atom adopts
sp? hybridization. If the isomerization were to occur via N-H bond
rotation, the hybridization would need to transition to sp* hybridization
at the pseudo-TS, where the hydrogen atom is oriented perpendicular
to the NCO plane. This change in hybridization necessitates the
breaking of the N-C 1 bond, which is energetically unfavorable. In
contrast, along the BAI pathway, no change in bonding occurs. Fur-
thermore, the unpaired electron of the HNCO™ radical anion occupies
an NCO anti-bonding m* orbital, which weakens both the N-C and
C -0 bonds compared to those in neutral HNCO, making this pathway
energetically favorable. The combination of these two factors makes
the isomerization mechanism via N—H bond rotation in HNCO™ quite
unusual.

Nevertheless, a reaction with an energy barrier of 21.3 k] mol™
would not occur classically at cryogenic temperatures without the
assistance of tunneling. To explore tunneling in HNCO™, we performed
ring-polymer instanton theory”™** calculations (see Supplementary

Materials for the full computational details and discussions). Instan-
tons reveal significant carbon tunneling on the BAI pathway (Fig. 4B).
Specifically, carbon contributes about 64.7% of the squared mass-
weighted tunneling path length (defined as 3=, ;m;(x; — X;, j)z ,where
i and j are indices for the instanton beads and atoms, respectively),
while hydrogen, nitrogen, and oxygen contribute relatively small
percentages of 11.5%, 8.5% and 15.3%, respectively. Interestingly, due to
corner-cutting, instantons for the N—-H bond rotation pathway also
exist (Fig. 4B), despite that the classical TS does not exist. Although the
barrier of the BAI pathway via carbon tunneling is less than half of that
of the N - H bond rotation pathway via hydrogen tunneling, carbon’s
mass is 12 times larger than that of hydrogen. According to the Jeffreys-
Wentzel-Kramers-Brillouin JWKB) semiclassical picture of tunneling,
the tunneling probability depends not only on the barrier height, but
also on the effective mass and tunneling distance of the atoms
involved’. Carbon tunnels only 0.54 A in the BAI process, which is
considerably shorter than the hydrogen tunneling distance of 1.43 A in
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Table 2 | The experimental and calculated tunneling rate constants k (s™*) and KIEs for the cis-to-trans-HNCO™ isomerization

reaction
Isotopologue Exp. (3K)™! Cal. (gas phase)™ Cal. (Ne matrix)™!
k KIE k KIE k KIE
HNCO™ 8.5(+0.4)x10° 1.4x10™ 22x107°
HN"CO™ 5.1&0.1)x10° 1.7+£0.1 5.7x1072 2.4 9.6x10™ 2.3
HSNCO™ 7.7(x0.4)x10°° 11+£01 1.2x10™ 11
DNCO™ 8.6(+0.8)x10° 9.9+1.0 9.0x107 15.2

The theoretical values are calculated with instanton theory.

[a] Experimental rate constants are derived from the average of the spontaneous decay/growth rates of the v, mode of cis- and trans-HNCO™.
[b] Gas-phase rates calculated with ring-polymer instanton theory at 30 K. The values were obtained at the XYGJ-OS/jul-cc-pVTZ level and subsequently corrected using a dual-level approach at the

MRCI level of theory.

[c] Rates in a simulated neon matrix calculated with QM/MM ring-polymer instanton theory at 50 K.

the N - H bond rotation process. As a result, as shown in Fig. 4B, the

2
mass-weighted tunneling path lengths (\/Zivjmj<x,»j—x,-+1,j> ) for

both pathways are similar (at ~2 amu“? A), with the shorter tunneling

distance of carbon compensating for its greater mass.

The calculated reaction rate constants using the ring-polymer
instanton theory and the classical transition state theory, for tem-
peratures ranging from 30 to 100 K, are compared in Supplementary
Fig. 14. The instanton rate constants for the isomerization reaction via
carbon atom tunneling along the NCO BAI pathway remain near-
temperature-independent below 50K (Supplementary Tables 7, 8).
These rates are many orders of magnitude higher than those calcu-
lated using classical transition state theory, indicating that tunneling
dominates the reaction at low temperatures. Instanton theory predicts
that the tunneling rate constant of BAI is nearly three orders of mag-
nitude faster than that of the N — H bond rotation, suggesting that BAI
is the more favorable pathway. Furthermore, instanton theory esti-
mates a very large H/D KIE (-10°) for the N - H bond rotation pathway
(Supplementary Tables 7-9), which contrasts sharply with the experi-
mentally observed value of only 9.9 +1.0. In contrast, the KIEs pre-
dicted by instanton theory for the BAI mechanism align semi-
quantitatively with the experimental values (Table 2).

Despite the good semi-quantitative agreement between the theo-
retical and experimental KIEs, the instanton rates calculated in the gas
phase at the DFT level exceed the observed rates by six orders of
magnitude. Two primary factors may account for this discrepancy: the
accuracy of the electronic structure and the neglect of the solid neon
matrix environment. To understand their impact, firstly, we performed
multireference calculations. As detailed in Supplementary Materials,
while the cis- and trans-HNCO™ isomers do not exhibit multireference
characteristics, strong multireference effects appear along the iso-
merization pathway. Supplementary Fig. 12 shows that multireference
methods predict higher barriers than both DFT and CCSD(T). After
applying a correction at the MRCI level using the dual-level approach*,
the instanton rates decrease by over three orders of magnitude,
bringing them much closer to the experimental results (Table 2). Sec-
ondly, to quantitatively assess the influence of the matrix environment
on tunneling, we performed instanton calculations that explicitly model
the HNCO™ anion embedded within a neon lattice using a QM/MM
setup® (see Supplementary Materials for full details). The results show
that the presence of the neon matrix dramatically suppresses the tun-
neling rate to 2.2x107 s, a value significantly closer to the experi-
mental observation. Analysis shows that this substantial rate reduction
is caused by the matrix environment altering the instanton pathway,
elongating the tunneling path meanwhile increasing the potential
energy along the path (Fig. 4C). This finding provides direct theoretical
evidence for the key role of the neon matrix and is consistent with the
established theory of dissipative quantum tunneling, which predicts

that the environment can suppress tunneling rates**’. The small
remaining discrepancy can be attributed to a combination of the
aforementioned multi-reference character, the idealizations within the
matrix model, and perhaps the approximations in instanton theory.

This study uncovers a counterintuitive mass dependence in
quantum tunneling during the cis-trans isomerization and electron
detachment of isocyanic acid radical anions. Contrary to conventional
expectations, electron tunneling involving some degree of nuclear
motion proceeds more slowly than pure nuclear tunneling. Nuclear
tunneling follows an unconventional BAI pathway driven by the
movement of the carbon atom, rather than the anticipated N - H bond
rotation dominated by hydrogen tunneling. Quantum chemistry cal-
culations combined with instanton theory reveal that the carbon-
driven pathway has a lower barrier and a shorter tunneling distance
than the N -H bond rotation pathway. The energetic and geometric
advantages compensate for carbon’s higher mass, enhancing tunnel-
ing probability. Instanton calculations explicitly modeling the matrix
environment using a QM/MM approach quantitatively demonstrate
the crucial role of the matrix in slowing down tunneling, bridging the
gap between the rates predicted in the gas-phase and the experiment.
These findings challenge the conventional light-particle dominance in
quantum tunneling, underscoring the critical role of molecular geo-
metry and electronic structure in determining tunneling efficiency.
This study sheds light on the competing tunneling mechanisms of
heavy and light particles, with implications for astrochemical envir-
onments where HNCO-derived species may drive low-temperature
molecular evolution via previously unrecognized heavy-atom tunnel-
ing pathways.

Methods

Experimental details

Matrix-isolation spectroscopy. The isocyanic acid anion (HNCO")
was prepared by high-frequency discharge of the HNCO/Ne mixtures.
The HNCO/Ne gas stream was subjected to discharge from a Tesla coil.
The tip of the Tesla coil was connected to a copper cap on one end of a
quartz tube extending into the vacuum chamber. The other end of the
quartz tube was connected to a copper tube with ground potential.
Discharge takes place between the cap and the copper tube. The dis-
charged products were deposited onto a cryogenic gold-plated copper
block, which was maintained at 3K with a closed-cycle helium refrig-
erator. After 30 min of sample deposition at 3K, IR absorption spectra
in the mid-infrared region (4000 -450 cm™) were recorded with a
Bruker Vertex 70V spectrometer with a 0.5cm™ resolution using a
liquid nitrogen cooled broad band HgCdTe (MCT) detector. Bare
mirror backgrounds, recorded prior to sample deposition, were used
as references for processing the sample spectra. The spectra were
subjected to baseline corrections to compensate for infrared light
scattering and interference patterns. For selected samples, photo-
excitation (625 nm) was performed through a quartz window mounted
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on the assembly. The HNCO/Ne mixtures were prepared in a stainless-
steel vacuum line using a standard manometric technique.

Sample preparation. HNCO was prepared by heating a mixture of
stearic acid (0.57 g, 2 mmol) and sodium cyanate (0.13 g, 2 mmol) at
90°C in a glass vessel (25 mL), which was connected to a dynamic
vacuum line (0.1Pa) through a poly (tetrafluoroethylene) Young-
valve*s, All of the volatile products were condensed in a liquid nitrogen
trap and then purified by fractional distillation through three succes-
sive cold U-traps at —80, -135, and -196 °C. Pure isocyanic acid was
retained in the middle trap, and its quality was checked with gas-phase
IR spectroscopy (Bruker, Tensor 27). Isotopically-labeled HN*CO and
HSNCO were prepared from C and “N-labelled potassium cyanate,
which were synthesized as a precipitate by heating *C and “N-labeled
urea with potassium phenoxide in 4-methyl-2-pentanol at 135 °C for
2 h, followed by filtration, washing with cold ethanol, and drying®.
DNCO was prepared by allowing a saturated solution of potassium
cyanate in D,O to drop onto a saturated aqueous solution of phos-
phoric acid (85% DsPO, in D,0) under vacuum®’.

Kinetic measurement. For the kinetic measurements, the matrix was
carefully shielded from visible light and maintained at the lowest
achievable temperature of the cryostat (-3 K). IR spectra were recor-
ded at 30-min intervals over a total period of 90 h. The integrated areas
of the absorption bands corresponding to the NCO antisymmetric
stretching modes were extracted from the corresponding IR differ-
ence spectra (AA) and used for the kinetic analysis. To ensure clarity,
the integrated band intensities were normalized to the integral of the
corresponding peaks.

The experimental results show that the cis-HNCO™ anion (a) can
spontaneously convert to the more stable trans-HNCO™ anion isomer
(b) via nuclear tunneling, as described in reaction (1). Additionally,
both anion isomers can undergo electron detachment to form the
neutral HNCO molecule (c), as represented in reactions (2) and (3).

cis—HNCO*~ — trans—HNCO*~ @
trans—HNCO®*~™ — HNCO +e 2)
cis—HNCO*~ — HNCO +e 3)

The entire process can be described by three rate constants: ky, k,
and k5 corresponding to reactions (1) to (3), respectively. Since each
species participates in two independent reactions, the experimentally
measured kinetic curves for each species were fitted using double
exponential decay/growth equations, as shown in Egs. (4-6):

Y=Ao exp(—kx) — By exp(—k,x) + Yo “4)
y=—Aolexp(—k1x) — exp(—k;x)]+yo 5)
=B, exp(—k,x)+Aq exp(—ks;x) +Yq (6)

We first fitted the experimental data for trans-HNCO™ (b) with the
double exponential decay equation (Eq. 4) to determine the rate
constants k; and k,. Using k;, the rate constant k3 for the conversion
from cis-HNCO™ (a) to HNCO (c) was obtained by fitting the experi-
mental kinetic decay curve of cissHNCO™ with Eq. (5). To verify the
accuracy of k, and ks, the coefficients of determination (R?) were
obtained by fitting the kinetic growth curve of HNCO (c) using Eq. (6),
where k, and k; had already been determined from Egs. (4) and (5),
respectively. All fitted curves yielded coefficients of determination
(R*>0.999), confirming the reliability of the kinetic rate constants.

Kinetic measurements for the isotopologues HNCO™, H*NCO™
and HN®CO"~ were conducted in duplicate. The rate constants for each
species from the different experiments are listed in Supplementary
Tables 1, 2, with the average values used to calculate the kinetic isotope
effect (KIE) values.

Computation details

Electronic structure calculations. All quantum chemistry calculations
were performed with the Gaussian 09 program®, locally modified to
implement the XYGJ-OS doubly hybrid density functional’?, and the
Molpro 2019 package®. Unless specified otherwise, geometry optimi-
zations were carried out using the XYGJ-OS functional with the jul-cc-
pVTZ basis set*, as this functional showed the best agreement with
experimental results among several tested double-hybrids. Harmonic
and anharmonic vibrational frequencies were calculated at this level.

Instanton rate calculations. Quantum tunneling rates were computed
using ring-polymer instanton theory***, which provides a practical
path-integral formulation of semiclassical instanton theory®. Instanton
pathways, which represent the optimal tunneling paths, are first-order
saddle points on the ring-polymer potential energy surface. This theory
inherently accounts for zero-point energy and corner-cutting effects.

Ab initio instanton calculations were performed using a Python
program developed based on the instanton program of Prof. J. O.
Richardson's. The instanton rates were converged with respect to the
number of beads, and all the instanton pathways were optimized to a
convergence criterion of 2.6 k) mol™ A on the total gradient norm. For
gas-phase calculations, a dual-level approach** was employed: the
pathway was optimized at the XYGJ-OS level, and the action was sub-
sequently refined with single-point energy corrections at the CCSD(T)
and MRCI levels. The temperature-independent plateau rates below
50 K were used for comparison with experimental results.

Modeling of the neon matrix environment. To quantitatively assess
the influence of the neon matrix, a quantum mechanics/molecular
mechanics (QM/MM) approach was adapted for instanton
calculations.

QM/MM Crystal Model Construction: The model was constructed
from 88 Ne atoms surrounding the HNCO™ anion within a face-
centered cubic (fcc) lattice. This set of atoms was partitioned into a
flexible inner shell of 22 Ne atoms and a fixed outer shell of 66 Ne
atoms to simulate the bulk lattice while allowing for local relaxation.

QM/MM Energy Decomposition Scheme: The total potential
energy of the system was calculated as a sum of two components,
Eroral = Equm+pauti ¥ Evaw- The primary term, Eqy.payi, Was calculated
with Gaussian 09 and includes the full quantum mechanical energy of
the HNCO™ anion (XYGJ-OS/AVTZ) and its electrostatic and Pauli
repulsion interactions with the 88 Ne atoms, which were represented
by repulsive effective core potentials (ECPs). The ECP parameters were
benchmarked against a small full-quantum cluster model to ensure
accuracy. The missing long-range van der Waals dispersion interac-
tions, E, 4y, Were computed separately using the LAMMPS package®
with a classical Lennard-Jones potential.

Data availability

The data supporting the findings of this study are available in the
ZENODO databases (https://doi.org/10.5281/zenodo.17066317) and
(https://doi.org/10.5281/zenodo.17393768). Further data are available
from the corresponding author upon request.
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