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Hydrogen tunnelling influences the isomerisation of some small radicals of
interstellar importance. A theoretical investigation†
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Hydrogen atom isomerisations within five radical systems (i.e., CH3˙NH/˙CH2NH; CH3O˙/˙CH2OH;
˙CH2SH/CH3S˙; CH3CO2˙/˙CH2CO2H; and HOCH2CH2O˙/HO˙CHCH2OH) have been studied via
quantum-mechanical hydrogen tunnelling through reaction barriers. The reaction rates including hydrogen
tunnelling effects have been calculated for these gas phase reactions at temperatures from 300 K to 0 K
using Wenzel–Kramers–Brillouin (WKB) and Eckart methods. The Eckart method has been found to be
unsatisfactory for the last two systems listed above, because it significantly underestimates the width of
the reaction barriers for the interconversions. The calculations at all-electron CCSD(T)/CBS level of
theory indicate that the barriers for all reactions (forward and reverse) are greater than 100 kJ mol−1,
meaning that the chemical reactivity of the reactants is limited in the absence of hydrogen tunnelling.
Hydrogen tunnelling, in some cases, enhance rates of reaction by more than 100 orders of magnitude at
low temperature, and around 2 orders of magnitude at room temperature, compared to results obtained
from canonical variational transition state theory. Tunnelling corrected reaction rates suggest that some of
these isomerisation reactions may occur in interstellar media.

Introduction

The debate concerning the question as to whether the ‘building-
blocks’ of life originated from interstellar space and/or by chemi-
cal reactions on prebiotic Earth has been attracting interest since
the age of Aristotle.1 To-date, about 170 molecules have been
found in the interstellar medium2–5 and there is evidence for the
existence of far larger molecular species, the identities of which
are currently unknown.5 The search for biological molecules, for

example amino acids, is ongoing.6 Amino acids have been ident-
ified in some meteorites7,8 and, arguably, in interstellar clouds.9

It has been suggested that glycine may be formed in interstellar
ice by the multistep process ˙CH2NH2 + CO2 + H →
NH2CH2CO2H,

10 while ˙CH2OH and ˙CH2SH have been pro-
posed as reactants in the formation of serine and cysteine precur-
sors in interstellar media.11 Perhaps ˙NH2 reacting with
˙CH2CN, or ˙CH2NH2 coupling with ˙CN may form the glycine
precursor NH2CH2CN. Acetic acid (CH3COOH) is a known
interstellar molecule,12 and it is possible that the reaction
between ˙NH2 and ˙CH2CO2H can form glycine directly, while
coupling of NH2˙CHCN and ˙CH2CO2H may form the aspartic
acid precursor NH2CH(CH2CO2H)CN.

11 The simplest two
carbon sugar glycolaldehyde (HOCH2CHO) has been detected
in emission towards the Galactic centre source Sagittarius B2(N)
by means of rotational transitions.13,14 Several formation mech-
anisms of interstellar HOCH2CHO have been proposed, includ-
ing the dimerisation of formaldehyde,14 reactions between
hydroxymethylene (:CHOH) and CH2O,

15–18 CH2O and
H3O

+,19 and coupling reaction between ˙CH2OH and CH2O.
18 It

has been proposed that the reaction between ˙CH2OH and CH2O
yields HOCH2CH2O˙ which then effects H transfer to form
HO˙CHCH2OH (barrier 117 kJ mol−1), the key intermediate
which reacts further with CH2O to form C6 sugars.

18 The inter-
stellar reactions proposed above involve the radicals ˙CH2NH2,
˙CH2OH, ˙CH2SH, ˙CH2CO2H and HO˙CHCH2OH; the key
question is, are they stable or do they undergo H transfer to form
isomers.

†Electronic supplementary information (ESI) available: Section I Geo-
metric structures and energies: Fig. S1 Geometries (in Å, deg) of
minima and transition state structures optimised at AE-MP2/aug-cc-
pVTZ level of theory; Table S1 Cartesian coordinates (in Å) of minima
and transition state structures, optimised at AE-MP2(full)/aug-cc-pVTZ
level of theory; Table S2 Zero-point vibrational energies (ZPVEs, calcu-
lated at AE-MP2/aVTZ, in hartree), single-point energies (calculated at
AE-MP2/aVTZ, AE-CCSD(T)/aVnZ, n = D, T, Q, AE-CCSD(T)/CBS,
in hartree) and relative energies (in kJ mol−1); Table S3 Theoretical and
experimental vibrational frequencies of minima in different isomerisa-
tions; Section II Tunnelling effects estimated by Eckart method:
Table S4 Key parameters used in Eckart estimation; Fig. S2 Potential
energy curve and rate constants for the isomerisation of CH3.NH to
˙CH2NH2; Fig. S3 Potential energy curve and rate constants for the iso-
merisation of CH3O. to ˙CH2OH; Fig. S4 Potential energy curve and
rate constants for the isomerisation of ˙CH2SH to CH3S˙; Fig. S5 Poten-
tial energy curve and rate constants for the isomerisation of CH3CO2˙ to
˙CH2CO2H; Fig. S6 Potential energy curve and rate constants for the iso-
merisation of HOCH2CH2O˙ to HO·CHCH2OH˙]. See DOI: 10.1039/
c2ob07102a
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In this paper we investigate five reaction systems, all of which
are of interstellar significance and all of which have substantial
barriers for both the forward and reverse hydrogen transfers.
These are (i) the 1,2-H rearrangements CH3NH˙/˙CH2NH2;
CH3O˙/˙CH2OH; ˙CH2SH/CH3S˙; (ii) the 1,3-H rearrangement
CH3CO2˙/˙CH2CO2H; and (iii) the 1,4-H rearrangement
HOCH2CH2O˙/HO˙CHCH2OH.

It has been shown that slow hydrogen tunnelling may
influence exothermic reactions at low temperatures in interstellar
media,20–23 as the entropy factor plays no role near 0 K (i.e.
ΔH = ΔG at 0 K). For example, the product yields for the reac-
tions of H with C2H2, C2H4, C2H6, CO and SiH4 are indicative
of hydrogen quantum mechanical tunnelling at low tempera-
tures.22 Similarly, the 1,2-H intramolecular insertions of :C(R)
OH → RCHO (R = Ph, Me and H) involve intramolecular inser-
tion of a carbene into an HO bond, and all three processes are
dominated by H-tunnelling at low temperatures.24–26 In marked
contrast, the intermolecular carbene insertion of :CCCO into an
NH bond of urea (NH2CONH2) to yield uracil, is not influenced
by the large H-tunnelling effect at low temperatures because of
the small rate constant of the reaction at low temperatures.27

It has been found that both H- and C-tunnelling effects
[defined as the difference between the rate constant determined
from classical transition-state theory and the overall rate (the rate
constant determined by transition-state theory plus the tunnelling
correction)] can be very large at low temperatures, but decrease
with increasing temperature for intramolecular isomerisations
involving H-transfer28,29 and for intramolecular carbon
rearrangement processes.30–32 This behaviour seems at first sight
to be counter-intuitive, but has been explained by the concept of
vibrationally assisted tunnelling,28 or thermally activated tunnel-
ling.32 At 0 K, only the ground vibrational level (v = 0) of the
reaction mode takes part in tunnelling. As the temperature
increases, the tunnelling reaction changes character from domi-
nant ground-state tunnelling to dominant thermally activated tun-
nelling, with involvement of higher vibrational levels (v = 1, 2,
3, etc.). Thus with increasing temperature, this variation in the
tunnelling mechanism effects a reduction in the tunnelling con-
tribution (‘through-barrier’) towards an overall reaction rate as
the non-tunnelling (‘over-barrier’) component increases.

This paper reports the results of a theoretical study of the five
intramolecular H-transfer reaction systems described above, and
demonstrates that H-tunnelling can influence reactions in both
the forward and reverse directions. Temperatures may vary in
different regions of the interstellar medium. It has been reported
that (i) in dark and dense molecular clouds, the temperature is
usually ca. 5–20 K in the cloud centre (which can be penetrated
by cosmic and gamma radiation) but may be significantly higher
in the outer regions of such clouds (due to penetration by ultra-
violet, cosmic and gamma radiation and the influence of the
solar wind); (ii) in diffuse clouds, temperatures may reach 100 K
in the centre of the clouds; (iii) in interstellar water–ice systems,
like water–ice comets heated mainly by ultraviolet radiation, the
temperature may be ≥100 K, while in other water–ice systems
the temperature may be higher; for example the water–ice
rings of Saturn have a temperature of 240 K).33,34 Such tunnel-
ling, in principle, may be important in astrochemistry, and
perhaps also for reactions operating under physiological
conditions.35–40 The relationship between the extent of

H-tunnelling and temperature (between 0 and 300 K) is
described for the five reaction systems.

Results and discussion

Because the energies of more stable structures for all isomerisa-
tions investigated here are not significantly lower than the corre-
sponding isomers, it is possible that tunnelling may influence
both forward and reverse reactions. Thus, rate constants for both
forward and reverse reactions have been calculated. The forward
reaction, defined as the thermal-dynamically favourable reaction
direction, is the direction that hydrogen tunnelling may occur at
low temperature. The reaction rates including hydrogen tunnel-
ling effects have been calculated for these gas phase reactions at
temperatures from 300 K to 0 K using Wenzel–Kramers–Bril-
louin (WKB) and Eckart methods. According to the description
of the WKB method, the penetration integral [θ(ε), eqn (2), see
computational methods section] and hence the tunnelling prob-
ability [P(ε), eqn (3), computational methods section] is princi-
pally related to three factors at low temperature: these are (i) the
square root of the effective mass, (ii) the square root of the
difference between the overall barrier height and the collision
energy, and (iii) the width of the barrier. Moreover, the barrier
width (the distance the nuclei move in passing through the
barrier) is more crucial than the barrier height in controlling the
tunnelling reaction rate, because mathematically, the penetration
integral (θ) scales linearly with the width of the barrier but only
as the square root of the barrier height.

H-tunnelling can only take place for the reverse process above
the vibrational level where the energy is higher than the product
(the reactant in the forward direction). Thus H-tunnelling for the
reverse process will be low at low temperatures. As the tempera-
ture increases, the population of higher vibrational levels will
increase, which may lead to an increase of H-tunnelling for the
reverse process.

1. CH3 ˙NH and ˙CH2NH2

A possible interstellar synthesis of the glycine precursor amino-
acetonitrile (NH2CH2CN), involves the barrierless reaction
between ˙CH2NH2 and ˙CN.11 The cyanide radical is a known
interstellar molecule, whereas ˙CH2NH2 has not been identified
in interstellar molecular clouds.5 However, methylamine
(CH3NH2) is an interstellar molecule,5 and it has been proposed
that cosmic rays can convert methylamine to both ˙CH2NH2 and
CH3˙NH.

10 The radical ˙CH2NH2 is stable at low pressure
(∼10−4 Torr) at room temperature for the microsecond time
scale.11 However, (i) is ˙CH2NH2 stable at low temperature, and
(ii) does quantum-mechanical H-tunnelling influence intercon-
version of ˙CH2NH2 and CH3˙NH at low temperature?

The canonical variational transition state theory (CVT) rate
(kCVT) for the forward reaction is slow because of the high
barrier (see Fig. 1, calculated at AE-CCSD/CBS//AE-MP2/aVTZ
level of theory, with geometry, energy and vibrational frequency
comparison data recorded as ESI Fig. S1,† and Tables S1 to
S3†), e.g., 3.36 × 10−148 s−1 at 50 K and 1.67 × 10−14 s−1 at
300 K. However, the actual reaction rate is affected by hydrogen
tunnelling as shown in Fig. 2. The reaction pathway (Fig. 2)

3220 | Org. Biomol. Chem., 2012, 10, 3219–3228 This journal is © The Royal Society of Chemistry 2012
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connecting the transition state to CH3˙NH and ˙CH2NH2 through
the hyperspace of the 12 vibrational degrees of freedom is
adopted as the tunnelling route, the forward reaction mode has a
harmonic vibrational frequency (ω0) of 986 cm−1; and collision
energy (ε) at 0 K is set equivalent to the zero-point vibrational
energy (ZPVE) of the reaction mode (ω0/2). The WKB rate cal-
culations were carried out using the potential energy expression
obtained by the polynomial fitting approach (cf., the red curve in
Fig. 2a), which closely represents the potential energy surface.
The corrected rate results are shown in Fig. 2b. The results of the
Eckart method [ESI (Fig. S2†)] are qualitatively in agreement
with the WKB tunnelling estimation.

Table 1 lists results at 50 and 300 K. The WKB rate constant
of the forward reaction (kWKB = 6.42 × 10−14) at 50 K results in
a half-life of 3.42 × 105 years [calculated according to eqn (6)],

while at 300 K (kWKB = 3.01 × 10−10) the half-life decreases to
73 years. At low temperature, even though kWKB is greatly
enhanced in comparison with kCVT by more than 130 orders of
magnitude, the overall kWKB is still very small. This yields a
half-life of CH3˙NH that is so long that the reaction is not feas-
ible in the interstellar medium at low temperature. The reverse
reaction rate is extremely small at low temperature (see Fig. 2b
and Table 1), and increases with increasing temperature, but it is
still about 5 orders of magnitude smaller than the forward rate at
300 K, which means that the reverse reaction is negligible within
this temperature regime.

2. CH3O˙ and ˙CH2OH

˙CH2OH has been proposed as a reactant in forming glycolalde-
hyde (HOCH2CHO),

18 the proto two-carbon sugar, and has been
detected in emission towards the Galactic centre source Sagittar-
ius B2(N) by means of multimeter-wave rotational tran-
sitions.13,14 The methoxy radical (CH3O˙) is also known to be a
stable interstellar molecule.41 Both CH3O˙ and ˙CH2OH are
stable at room temperature for the microsecond duration of a
neutralisation–reionisation mass-spectrometry process, and no
isomerisation between them has been detected during this time-
frame when energised.18 What is the situation at low temperature
and does hydrogen tunnelling influence isomerisation? The rela-
tive energy at 0 K for the unimolecular isomerisation of CH3O˙
to ˙CH2OH calculated at the AE-CCSD(T)/CBS//AE-MP2/aVTZ
level of theory is shown in Fig. 3, in which CH3O˙ requires
125 kJ mol−1 to surmount the barrier and reach ˙CH2OH at
−42 kJ mol−1. Full geometry, energy and vibrational frequency
comparison data are recorded as ESI (Fig. S1, Tables S1 to S3†).
The quartet state of CH3O˙ is not stable at the AE-MP2/aVTZ
level of theory, with an imaginary frequency of 159i; so only the
potential surface of the doublet isomerisations is investigated

Fig. 2 Potential energy curve and rate constants for the isomerisation of CH3˙NH to ˙CH2NH2. (a) Along the intrinsic reaction coordinate (open tri-
angles), the geometric structures and zero-point vibrational corrections were calculated at the AE-MP2/aVTZ level of theory, and final energies were
determined from AE-CCSD(T)/aVQZ single points at the stationary points. The red curve is the polynomial fitting of the intrinsic reaction coordinate,
and this is required for the calculation of kWKB; (b) temperature dependence of WKB tunnelling corrected rate constants for both forward and reverse
reactions, with high temperature region (220–300 K) enlarged.

Fig. 1 Reaction coordinate diagram for CH3˙NH to ˙CH2NH2 at
AE-CCSD(T)/CBS//AE-MP2/aVTZ level of theory at 0 K, ΔH in
kJ mol−1.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 3219–3228 | 3221
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here. Previous kinetic studies42 have proposed the standard heat
of formation for CH3O˙ and ˙CH2OH to be 21 and −13 kJ
mol−1; in this work, the calculation leads to ΔfH

0
298K (CH3O˙) =

27 kJ mol−1 and ΔfH
0
298 K (˙CH2OH) = −13 kJ mol−1.

The intrinsic reaction coordinate constructs a hyperspace of 9
vibrational degrees of freedom as the tunnelling route, and the
vibrational ‘reaction’ mode of CH3O˙ that corresponds to the
transition state has a harmonic frequency of ω0 = 978 cm−1.
Fig. 4a shows the polynomial fitted potential energy surface, and
the theoretical analysis yields the rate constants at different temp-
eratures as displayed in Fig. 4b for the forward and reverse reac-
tions. Rate and half-life data at 50 and 300 K are listed in
Table 2.

The WKB rate constant for the forward reaction (kWKB = 4.44
× 10−8 s−1) at 50 K corresponds to the half-life of CH3O˙ of
about 180.6 days (see Table 2), and this value stays nearly

Table 1 Tunnelling effectsa at 50 and 300 K for isomerisation of CH3˙NH and ˙CH2NH2

Isomerisation T (K)

Forward Reverse

kCVT (s−1) kWKB (s−1) Half-life (WKB) kCVT (s−1) kWKB (s−1) Half-life (WKB)

CH3˙NH to ˙CH2NH2 50 3.36 × 10−148 6.42 × 10−14 3.42 × 105 years 1.44 × 10−179 2.99 × 10−47 7.34 × 1038 years
300 1.67 × 10−14 3.01 × 10−10 73.0 years 3.42 × 10−19 7.99 × 10−16 2.75 × 107 years

aCalculated at the AE-CCSD(T)/aVQZ//AE-MP2/aVTZ level of theory.

Fig. 3 Reaction coordinate diagram for CH3O˙ to ˙CH2OH at the
AE-CCSD(T)/CBS//AE-MP2/aVTZ level of theory at 0 K. ΔH in
kJ mol−1.

Fig. 4 Potential energy curve and rate constants for the isomerisation of CH3O˙ to ˙CH2OH. (a) Along the intrinsic reaction coordinate (open tri-
angles), the geometric structures and zero-point vibrational corrections were calculated at the AE-MP2/aug-cc-pVTZ level of theory, and final energies
were determined from AE-CCSD(T)/aug-cc-pVQZ single points at the stationary points. The red curve is the polynomial fitting of the intrinsic reaction
coordinate. (b) Temperature dependence of WKB tunnelling corrected rate constants for both forward and reverse reactions, with high temperature
region (220–300 K) enlarged.

Table 2 Tunnelling effectsa at 50 and 300 K for isomerisation of CH3O˙ and ˙CH2OH

Isomerisation T (K)

Forward Reverse

kCVT (s−1) kWKB (s−1) Half-life (WKB) kCVT (s−1) kWKB (s−1) Half-life (WKB)

CH3O˙ to ˙CH2OH 50 3.04 × 10−118 4.44 × 10−8 180.6 day 1.00 × 10−143 4.49 × 10−35 4.89 × 1026 years
300 2.43 × 10−9 1.32 × 10−5 14.6 h 1.18 × 10−13 1.12 × 10−9 19.6 years

aCalculated at the AE-CCSD(T)/aVQZ//AE-MP2/aVTZ level of theory.

3222 | Org. Biomol. Chem., 2012, 10, 3219–3228 This journal is © The Royal Society of Chemistry 2012
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constant up to 150 K (see Fig. 4b), suggesting that H-tunnelling
effects interconversion of CH3O˙ to ˙CH2OH at a low rate within
this temperature range, and the H-tunnelling mainly involves
ground and lower vibrational levels (thermally activated mechan-
ism is limited). The reverse reaction basically does not occur in
the temperature regime <150 K. At 300 K the overall rate for the
forward reaction is more favourable with the half-life of CH3O˙
now only 14.6 h. The reverse rate constant is around 1/10 000th
of the forward rate constant at 300 K, with the half life of
˙CH2OH at this temperature being 19.6 years. This means that
the formation of ˙CH2OH from CH3O˙ is the more favourable
reaction over the temperature range 0–300 K. Considering the
life of molecular clouds (∼107 years43,44), this result suggests an
acceptable formation pathway of ˙CH2OH. Results from the
Eckart method are similar (see Fig. S3†).

3 ˙CH2SH and CH3S˙

It has been suggested that the mercaptomethyl radical (˙CH2SH)
may be involved in the radical–radical coupling reaction
[NH2˙CHCN + ˙CH2SH → NH2CH(CH2SH)CN] to form the
nitrile precursor of cysteine.11 The neutralisation/reionisation
mass spectra of −CH2SH and CH3S

− confirm that both ˙CH2SH
and CH3S˙ are stable for at least a microsecond at room tempera-
ture.11,45 The ground state of ˙CH2SH is the doublet, with the
quartet structure unstable at the AE-MP2/aVTZ level of theory.

The isomerisation reaction between ˙CH2SH and CH3S˙ is
different from that of CH3O˙/˙CH2OH, with CH3S˙ being more
stable than ˙CH2SH by 31 kJ mol−1 (see Fig. 5) at 0 K. This can
be attributed to the relative electron affinities of carbon (1.26
eV),46 oxygen (+1.46 eV)46 and sulfur (2.08 eV).46 The heat of
formation of CH3S˙ at 0 K (ΔfH0 K) is calculated to be 135.9 kJ
mol−1, in good agreement with values determined from photo-
dissociation spectroscopy (129.83 ± 1.70 kJ mol−1)47 and

reaction kinetic measurements (131.52 ± 2.23 kJ mol−1);48

ΔfH
0
298 K(CH3S˙) = 128.5 kJ mol−1, and it is consistent with the

reported values (e.g., 124.6 ± 1.84,48 123.0 ± 8.8,49 131.4 ±
8.4,50 and 127.6 ± 8.451 kJ mol−1). The barrier for the reaction is
123 kJ mol−1 at the AE-CCSD(T)/CBS//AE-MP2/aVTZ level of
theory. Full geometry and energy data, together with vibrational
frequencies are recorded in Fig. S1 and Tables S1–S3.†

The tunnelling analysis was performed using both WKB and
Eckart estimations based on the intrinsic reaction coordinate
determined at the AE-CCSD(T)/aVQZ//AE-MP2/aVTZ level of
theory. For the forward reaction, the reaction mode vibrational
frequency is 821 cm−1. The WKB results are summarised in
Fig. 6 with Eckart results in Fig. S4,† and the rate constants esti-
mated by both methods are in satisfactory accordance (see
Fig. 6b and S4b†). Results at two temperatures are summarised
in Table 3. At 50 K, kWKB (2.86 × 10−6 s−1) for the forward
reaction is more than 80 orders of magnitude greater than that

Fig. 6 Potential energy curve and rate constants for the isomerisation of ˙CH2SH to CH3S˙. (a) Along the intrinsic reaction coordinate (open tri-
angles), the geometric structures and zero-point vibrational corrections were calculated at the AE-MP2/aVTZ level of theory; final energies were deter-
mined from AE-CCSD(T)/aVQZ single points at the stationary points. The red curve is the polynomial fitting of the intrinsic reaction coordinate;
(b) temperature dependence of WKB tunnelling corrected rate constants for both forward and reverse reactions, with high temperature region
(240–300 K) enlarged.

Fig. 5 Reaction coordinate diagram for ˙CH2SH to CH3S˙ at the
AE-CCSD(T)/CBS//AE-MP2/aVTZ level of theory at 0 K. ΔH in
kJ mol−1.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 3219–3228 | 3223
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evaluated using the canonical variational TST approach, and the
H-tunnelling effect contributes markedly to the overall reaction
rate. The H-tunnelling effect for the reverse reaction is large at
50 K but because kWKB is so small, no reaction occurs (see
Table 3). This indicates that (i) ˙CH2SH readily converts to
CH3S˙ at low temperature and (ii) the reverse reaction does not
occur under these conditions. The short half-life (53.7 s) for
forward reaction at 300 K shows that the isomerisation is facile
at this temperature, whereas the reverse reaction is still negli-
gible. Thus, ˙CH2SH is not stable in interstellar media over 0 to
300 K, and is unlikely to be involved in the formation of the
cysteine precursor NH2CH(CH2SH)CN under these reaction
conditions.

4. CH3CO2˙ and ˙CH2CO2H

The radical ˙CH2CO2H may be involved in the syntheses of
glycine and an aspartic acid precursor in interstellar media.
Acetic acid (CH3COOH) has been identified in the Sgr B2 Large
Molecule Heimat,12 and H-abstraction may form both CH3CO2˙

and ˙CH2COOH. CH3CO2˙ has been confirmed to be stable at
low pressures in the gas phase at room temperature.52 Does H-
tunnelling influence isomerisation between these two radicals at
low temperatures?

Since the doublet-quartet gap for CH3CO2˙ is 417 kJ mol−1 at
the AE-CCSD(T)/aVTZ//AE-MP2/aVTZ level of theory, only
the doublet potential surface has been considered in this study.
The reaction coordinate diagram at 0 K is shown in Fig. 7. The

Table 3 Tunnelling effectsa at 50 and 300 K for isomerisation of ˙CH2SH and CH3S˙

Isomerisation T (K)

Forward Reverse

kCVT (s−1) kWKB (s−1) Half-life (WKB) kCVT (s−1) kWKB (s−1) Half-life (WKB)

˙CH2SH to CH3S˙ 50 4.76 × 10−88 2.86 × 10−6 67.2 h 9.97 × 10−150 3.00 × 10−71 7.33 × 1062 years
300 2.92 × 10−4 1.29 × 10−2 53.7 s 2.49 × 10−14 5.70 × 10−13 3.86 × 104 years

aCalculated at the AE-CCSD(T)/aVQZ//AE-MP2/aVTZ level of theory.

Fig. 7 Reaction coordinate diagram for the isomerisation of CH3CO2˙

and ˙CH2CO2H at the AE-CCSD(T)/CBS//AE-MP2/aVTZ level of
theory at 0 K. ΔH in kJ mol−1.

Fig. 8 Potential energy curves for the isomerisation of CH3CO2˙ and ˙CH2CO2H. (a) Along the intrinsic reaction coordinate (open triangles), the
geometric structures and zero-point vibrational corrections were calculated at the AE-MP2/aVTZ level of theory, and final energies were determined
from AE-CCSD(T)/aVTZ single points at the stationary points. The red curve is the polynomial fitting of the intrinsic reaction coordinate; (b) tempera-
ture dependence of WKB tunnelling corrected rate constants for both forward and reverse reactions, with high temperature region (200–300 K)
enlarged.
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barrier for the forward reaction is 119 kJ mol−1, and ˙CH2CO2H
is the more stable isomer by 32 kJ mol−1. Full geometry and
energy data are recorded in Fig. S1, Tables S1 and S2.†

The intrinsic reaction potential energy calculations and fitted
polynomial expression plot are shown in Fig. 8a, where good
correspondence is obtained. The rate results of the WKB calcu-
lations are provided in Fig. 8b, while rate and half-life data at 50
and 300 K are summarised in Table 4. Forward and reverse
kWKB are small at 50 K, a function of the significant width at the
bottom of the potential barrier. Thus, at cryogenic temperatures,
˙CH2CO2H is not formed from CH3CO2˙, and vice versa. At
room temperature, the forward kWKB (7.86 × 10−7 s−1, compared
to kCVT = 6.71 × 10−8 s−1) corresponds to a half-life 245 hours,
which is significantly shorter than that of reverse process. Thus
CH3CO2˙ is stable at low temperatures, with isomerism in the
forward direction more favourable at room temperature. The
Eckart method underestimates the width of the interconversion
barrier, and, as a consequence, overestimates the overall rate con-
stant in comparison with kWKB (see ESI Fig. S5†).

5. HOCH2CH2O˙ and HO˙CHCH2OH

It has been recently proposed that (i) ˙CH2OH/CH2O addition to
form HO˙CHCH2OH may be a key reaction in the interstellar
formation of sugars, and (ii) the least favourable step in this
sequence is the isomerisation of HOCH2CH2O˙ to HO˙CH-
CH2OH which has a barrier of 120 kJ mol−1 at the CCSD(T)/6-
311++G(3df,2p)//MP2/6-311++G(3df,2p) level of theory.18

Perhaps H-tunnelling can assist this isomerisation?

The doublet potential surface has been studied because quartet
HOCH2CH2O˙ is unstable at the AE-MP2/aVTZ level of theory.
The relative enthalpies of the reaction at 0 K calculated at the
AE-CCSD(T)/CBS//AE-MP2/aVTZ level of theory are shown in
Fig. 9 with full geometry and energy data recorded in Fig. S1
and Tables S1 and S2.† The forward reaction is exothermic by
44 kJ mol−1 and there is a barrier of +117 kJ mol−1 for the iso-
merisation of HOCH2CH2O˙ to HO˙CHCH2OH.

The intrinsic reaction pathway is recorded in Fig. 10a (open
triangles), together with the polynomial fitting curve. The
bottom of the barrier is broader than those of any of the reaction
coordinates of the other systems discussed above. The fitting
curve satisfactorily represents the intrinsic reaction coordinate,
whereas the Eckart method is not appropriate in this case since it
narrows the barrier (see Fig. S6†). The WKB rate constants are
shown in Fig. 10b and summarised in Table 5. Although the H-
tunnelling effect is very large for both forward and reverse reac-
tions at low temperatures, the WKE rate constants remain small
so the overall tunnelling influence is negligible. At room temp-
erature the half-life of HOCH2CH2O˙ (40.3 days) is much
shorter than that of HO˙CHCH2OH (2.36 × 105 years),
suggesting slow forward isomerisation under these conditions.

Summary and conclusions

Computational results for reactions at 50 and 300 K are collected
in Table 6. In summary:

(1) In all cases, the exothermicity of the H rearrangements are
of the order of 30–40 kJ mol−1 and H-tunnelling effects occur
for both forward and reverse reactions.

(2) H-tunnelling influences the isomerisation of ˙CH2SH most
significantly, where the half-lives of 67.2 hours and 53.7 seconds
at 50 and 300 K respectively allow ˙CH2SH to interconvert to
CH3S˙. The reverse reaction basically does not occur over 0 to
300 K temperature range. Thus ˙CH2SH should readily isomerise
to CH3S˙ in interstellar media.

(3) H-tunnelling within the CH3O˙ to ˙CH2OH barrier
enhances the formation of ˙CH2OH at both low and room temp-
eratures (half-lives of CH3O˙ are 180.6 days and 14.6 hours at
50 and 300 K respectively). The reverse reaction does not occur
within 0–300 K. The forward reaction will be slow, but signifi-
cant in, for example, a molecular cloud with a lifetime of 107

years.
(4) The systems CH3CO2˙/˙CH2CO2H and HOCH2CH2O˙/

HO˙CHCH2OH exhibit large tunnelling effects at 50 K for both
forward and reverse reactions but because of the small kWKB

rates, interconversion is not observed at this temperature. Much
reduced H-tunnelling effects accompany these reactions at

Table 4 Tunnelling effectsa at 50 and 300 K for isomerisation of CH3CO2˙ and ˙CH2CO2H

Isomerisation T (K)

Forward Reverse

kCVT (s−1) kWKB (s−1) Half-life (WKB) kCVT (s−1) kWKB (s−1) Half-life (WKB)

CH3CO2˙ and ˙CH2CO2H 50 1.74 × 10−109 4.91×10−18 4.48×109 years 1.00 × 10−126 2.06 × 10−34 1.07 × 1026 years
300 6.71 × 10−8 7.86×10−7 245.0 h 4.45 × 10−10 8.89 × 10−10 24.7 years

aCalculated at the AE-CCSD(T)/aVTZ//AE-MP2/aVTZ level of theory.

Fig. 9 Reaction coordinate diagram for HOCH2CH2O˙ and HO˙CH-
CH2OH isomerisations at the AE-CCSD(T)/CBS//AE-MP2/aVTZ level
of theory at 0 K. ΔH in kJ mol−1.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 3219–3228 | 3225
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300 K, and in both cases, only forward reactions are possible
even on the molecular cloud time scale. For example, at 300 K,
the half-lives of HOCH2CH2O˙ and HO˙CHCH2OH are 40.3
days and 2.36 × 105 years, respectively.

(5) A similar H-tunnelling scenario as that outlined in 4
(above) pertains for the system CH3NH˙/˙CH2NH2 except that
the half-lives of the forward and reverse reactions at 300 K are
73 and 2.75 × 107 years, respectively. Thus interconversion
between these radicals is of low probability in the interstellar
medium.

(6) This theoretical study shows that quantum mechanical H-
tunnelling effects are very large at temperatures approaching 0 K
for the chosen 1,2, 1,3 and 1,4 intramolecular H transfer reac-
tions. Except in the case of the isomerisation of ˙CH2SH to
CH3S˙, the kWKB rates are too slow at low temperatures for the
reactions to proceed even though H-tunnelling is pronounced. In
all the studied cases, H-tunnelling decreases as the temperature
increases, this behaviour is in agreement with previous
reports.28–32 In some cases kCVT approaches kWKB as the temp-
erature approaches 300 K. At 300 K, with the exception of
CH3NH˙, kWKB rates (which include the H-tunnelling contri-
butions) are high enough to permit the rearrangement to proceed,
albeit it slowly in some instances.

(7) The WKB method has been found to be applicable to all
of the studied systems. The Eckart method (see ESI†) is

satisfactory for three of the systems, but significantly underesti-
mates the width of the barrier in the systems CH3CO2˙/
˙CH2CO2H and HOCH2CH2O˙/HO˙CHCH2OH. Thus, for these
two systems, the Eckart method predicts H-tunnelling effects
higher than those estimated using the WKB method.

Computational methods

Electronic structure calculations

The geometries of the relevant stationary points for all reactions
investigated here were optimised at the all-electron (AE) un-
restricted second-order Møller–Plesset perturbation theory
(UMP2)53,54 in conjunction with basis set aug-cc-pVTZ,55

employing analytical gradient procedures. All the stationary
points were characterised by their harmonic vibrational frequen-
cies as minima or saddle points. The minima connected by a
given transition structure were confirmed by intrinsic reaction
coordinate (IRC)56 calculations also at AE-MP2/aug-cc-pVTZ
level of theory. Zero-point vibrational energies (ZPVEs) were
determined from the harmonic vibrational frequencies calculated.

Single-point electronic energy calculations were treated using
all-electron coupled-cluster calculations including all single and
double excitations, together with a perturbative treatment of all
connected triple excitations, designated CCSD(T),50 were carried

Fig. 10 Potential energy curves for the isomerisation of HOCH2CH2O˙ and HO˙CHCH2OH. Along the intrinsic reaction coordinate (open triangles),
the geometric structures and zero-point vibrational corrections were calculated at the AE-MP2/aVTZ level of theory. The red curve is the polynomial
fitting of the intrinsic reaction coordinate; (b) temperature dependence of WKB H-tunnelling corrected rate constants for both forward and reverse reac-
tions, with high temperature region (240–300 K) enlarged.

Table 5 Tunnelling effectsa at 50 and 300 K for isomerisation of HOCH2CH2O˙ and HO˙CHCH2OH

Isomerisation T (K)

Forward Reverse

kCVT (s−1) kWKB (s−1) Half-life (WKB) kCVT (s−1) kWKB (s−1) Half-life (WKB)

HOCH2CH2O˙ and HO˙CHCH2OH 50 2.79 × 10−108 4.42 × 10−32 4.97 × 1023 years 8.50 × 10−151 8.42 × 10−72 2.61 × 1063 years
300 1.53 × 10−7 1.99 × 10−7 40.3 day 1.91 × 10−14 9.31 × 10−14 2.36 × 105 years

aCalculated at the AE-CCSD(T)/aVTZ//AE-MP2/aVTZ level of theory.

3226 | Org. Biomol. Chem., 2012, 10, 3219–3228 This journal is © The Royal Society of Chemistry 2012
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out with the correlation consistent aug-cc-pVnZ basis sets,
where n equals to D, T and Q.55 For simplicity, these basis sets
are denoted as aVnZ hereafter. The AE-CCSD(T) energies were
extrapolated to the complete basis set (CBS) limit energies using
standard form as follows57

EðxÞ ¼ ACBS þ B exp½�ðx� 1Þ� þ C exp½�ðx� 1Þ2� ð1Þ
where x = 2, 3 and 4, corresponding to n = D, T and Q in the
aVnZ, respectively.

The single-point energies for the intrinsic reaction coordinate
(IRC) were carried out at AE-CCSD(T)/aVQZ (for CH3˙NH,
CH3O˙ and ˙CH2SH isomerisations) or AE-CCSD(T)/aVTZ (for
CH3CO2˙ and HOCH2CH2O˙ isomerisations) level. All of these
calculations were performed with the GAUSSIAN 0958 suite of
programs. Using canonical variational transition state theory
(CVT) to evaluate rate constants has been described elsewhere.59

Tunnelling analysis

Two different approaches were employed to investigate the tun-
nelling effect for each system under investigation, namely, WKB
(Wentzel–Kramers–Brillouin)60 and Eckart61–63 methods. The
WKB method computes the tunnelling contribution to the rate
within a reaction-path Hamiltonian model by multiplying the
classical rate at which the reactant hits the reaction barrier by the
quantum mechanical transmission probability. This procedure
requires the reaction path (potential energy as a function of reac-
tion coordinate) to be determined at a high level of theory
(see Section 1 above). The final potential energies correspond
to the sum of AE-CCSD(T)/aVQZ or AE-CCSD(T)/aVTZ
energy of IRC and ZPVEs (modes orthogonal to the path).
Then, the potential energy function V(s) in terms of the arc
length s (atomic units) in mass-weighted coordinates along the
H transfer IRC was fitted with a polynomial expression. The
order of the expression was determined to make the potential
energy V(s) extended smoothly all the way to the minima. Tun-
nelling probabilities [P(ε)] were evaluated by computing one-
dimensional barrier penetration integrals [θ(s)] numerically

along the potential energy curve and invoking the standard
WKB formula:

θðεÞ ¼ 1
�h
ðs2
s1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2μ½V ðsÞ � ε�

p
ds ð2Þ

PðεÞ ¼ 1

1þ e2θðεÞ
ð3Þ

where ε is the collision energy, μ is the corresponding reduced
mass, s is the reaction coordinate, s1 and s2 are the turning points
where the V(s) = ε.

The tunnelling rate constant at a energy ε is then

kWKB ¼ ω0

2π
PðεÞ ¼ ω0

2π

1

1þ exp � 2�h
Ð s1
s2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2μ½V ðsÞ � ε�p

ds
� � ð4Þ

where ω0 is the vibrational “reaction” mode of reactant that leads
toward transition state.

The temperature dependent rate constant expression including
the Boltzmann population of different vibrational levels is as
follows,

kðTÞ ¼
P1

n¼0 kðn�hω0Þe�ðn�hω0=kTÞP1
n¼0 e

�ðn�hω0=kTÞ ð5Þ

in which T is the temperature. The results from Eckart method
are discussed in the ESI.†

The half-life τ1/2 is determined by the following equation,

τ1=2 ¼ ln 2

kðTÞ ð6Þ
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Table 6 Summary of tunnelling effects at 50 and 300 K in the five studied systems

Isomerisation

Turning
Point at 0 K
(amu1/2 bohr) T (K)

Forward Reverse

kCVT (s−1) kWKB (s−1) Half-life (WKB) kCVT (s−1) kWKB (s−1) Half-life (WKB)

˙CH2SH to CH3S˙
a (−1.59, 1.15) 50 4.76 × 10−88 2.86 × 10−6 67.2 h 9.97 × 10−150 3.00 × 10−71 7.33 × 1062 years

300 2.92 × 10−4 1.29 × 10−2 53.7 s 2.49 × 10−14 5.70 × 10−13 3.86 × 104 years

CH3O˙ to ˙CH2OH
a (−1.51, 1.19) 50 3.04 × 10−118 4.44 × 10−8 180.6 day 1.00 × 10−143 4.49 × 10−35 4.89 × 1026 years

300 2.43 × 10−9 1.32 × 10−5 14.6 h 1.18 × 10−13 1.12 × 10−9 19.6 years

CH3CO2˙ to ˙CH2CO2H
b (−2.87, 1.95) 50 1.74 × 10−109 4.91 × 10−18 4.48 × 109 years 1.00 × 10−126 2.06 × 10−34 1.07 × 1026 years

300 6.71 × 10−8 7.86 × 10−7 245.0 h 4.45 × 10−10 8.89 × 10−10 24.7 years

HOCH2CH2O˙ to
HO˙CHCH2OH

b
(−5.84, 1.45) 50 2.79 × 10−108 4.42 × 10−32 4.97 × 1023 years 8.50 × 10−151 8.42 × 10−72 2.61 × 1063 years

300 1.53 × 10−7 1.99 × 10−7 40.3 day 1.91 × 10−14 9.31 × 10−14 2.36 × 105 years

CH3˙NH to ˙CH2NH2
a (−1.74, 1.49) 50 3.36 × 10−148 6.42 × 10−14 3.42 × 105 years 1.44 × 10−179 2.99 × 10−47 7.34 × 1038 years

300 1.67 × 10−14 3.01 × 10−10 73.0 years 3.42 × 10−19 7.99 × 10−16 2.75 × 107 years

aCalculated at AE-CCSD(T)/aVQZ//AE-MP2/aVTZ level of theory. bCalculated at AE-CCSD(T)/aVTZ//AE-MP2/aVTZ level of theory.
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