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ABSTRACT

A combined (fixed-J) two-dimensional master-equation/semi-classical transition state theory/variational Rice-Ramsperger-
Kassel-Marcus approach has been used to compute reaction rate coefficients of *OH with CH3OH over a wide range of tem-
peratures (10-2500 K) and pressures (107'-10* Torr) based on a potential energy surface that has been constructed using a
modification of the high accuracy extrapolated ab initio thermochemistry (HEAT) protocol. The calculated results show that
the title reaction is nearly pressure-independent when T > 250 K but depends strongly on pressure at lower temperatures. In
addition, the preferred mechanism and rate constants are found to be very sensitive to temperature. The reaction pathway
CH30H + *OH — CH30°® + H,O proceeds exclusively through tunneling at exceedingly low temperatures (T < 50 K), typ-
ical of those established in interstellar environments. In this regime, the rate constant is found to increase with decreas-
ing temperature, which agrees with low-temperature experimental results. The thermodynamically favored reaction pathway
CH30H + *OH — *CH,OH + H,0 becomes dominant at higher temperatures (T > 200 K), such as those found in Earth’s atmo-
sphere as well as combustion environments. By adjusting the ab initio barrier heights slightly, experimental rate constants from

200 to 1250 K can be satisfactorily reproduced.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5081827

. INTRODUCTION

The oxidation of methanol by a hydroxyl radical plays an
important role in combustion, atmospheric, and interstellar
chemistry'“ because this reaction is the most important sink
for this simplest alcohol; it therefore determines the lifetime
of CH3OH in these environments. Because of its fundamental
role, the title reaction has been studied extensively by both
experiment'~'7 and theory.'®-27 It is believed to occur exclu-
sively through hydrogen abstractions at the CH3-group and
the OH-group to produce two distinct products, viz., *CH,OH
and CH30°, respectively,

*OH + CH3OH — H,0 + *CH,OH  with
AHy(0 K) = —96.62 = 0.32 kJ /mol,

*OH + CH30H — H,0 + CH30°  with
AH;2(0 K) = ~57.46 + 0.34 kJ /mol.

)

)

Both reaction pathways are exothermic (as given above, based
on to the recently published Active Thermochemical Tables
(ATcT) values,?? to be compared to the current mHEAT—vide
infra—theoretical values of —96.78 and -57.15 kJ /mol, respec-
tively) and have barriers. Pathway (1) is more exothermic and
has a lower (theoretical) barrier height (by about 7.6 kI /mol,
see below) than pathway (2); the former is therefore predicted
to be both kinetically and thermodynamically more favorable.
Yet, channel (2) also becomes important when temperature
increases, which has been well established.?1929 Interest-
ingly, in recent papers, Heard's group?“ as well as Antinolo
et al.'” have carried out experiments at very low tempera-
tures, a characteristic of those in dense interstellar clouds;
these authors have found that the measured rate constants
increase significantly with decreasing temperature. At about
50 K, the observed rate constants are roughly two orders of
magnitude larger than those at 200 K.?*'7 Additionally, only
product channel (2) has been observed under these extremely
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low temperature conditions. This finding is in contradiction
to the usual expectation that a reaction with a barrier is not
expected to play a role (or even to occur) at very low temper-
atures. Heard and co-workers then concluded that the title
reaction at interstellar temperatures is enabled by quantum
mechanical tunneling.?* Such a tunneling controlled mech-
anism has also been observed for other reactions.?*?* Fur-
thermore, to support the experimental observation, Heard and
co-workers? also did a chemical kinetic simulation using a
one-dimensional master equation technique and the poten-
tial energy surface (PES) previously reported with CCSD(T)/
6-311+G(3df,2p) level of theory.'® These authors found that the
calculated rate constant does indeed increase considerably as
the temperature falls below 200 K, clearly validating the cru-
cial role of tunneling. Yet, the calculated rate constants were
about an order of magnitude smaller than the experimental
values.?

Very recently, thermal rate constants (from 30 K to
2000 K) for the title reaction have been computed at the
low- and high-pressure limits using a competitive canon-
ical unified statistical (CCUS) model?° where the quan-
tum mechanical effects associated with barrier crossing are
treated with a multi-structural torsional anharmonicity and
small-curvature tunneling (MS-CVT /SCT) approach.?® Poten-
tial energy surfaces (PESs) used for direct dynamics cal-
culations were constructed with density functional theory
(DFT) methods where energies of stationary points on the
PES were examined against CCSD(T)-F12a/jun-cc-pVTZ and
CASPT2 /jun-cc-pVTZ calculations.?® As shown in that paper,
experimental results lie somewhere between the two extreme
pressures in a low-temperature regime.?° This computational
result seems to imply that some fraction of energized van der
Waals (vdW) complex of *OH and CH3OH can be thermalized
by collisions with bath gases, and then they tunnel through
barriers to form products. In other words, it seems to suggest
that the title reaction depends on pressure, at least in the low-
temperature regime relevant to interstellar chemistry. In such
a case, a master equation technique would be needed to obtain
the associated falloff curve.

In this work, we use (fixed-J) two-dimensional master
equation techniques?>2° to compute thermal rate constants
for an extensive range of temperature and pressure in order
to better understand the kinetics and mechanism of the title
reaction. We focus mainly on a very low-temperature regime
(10-100 K) where the pressure-dependence of rate constant is
more pronounced.

Il. QUANTUM CHEMICAL CALCULATIONS

All key stationary points on the PES are characterized
using high accuracy coupled-cluster calculations. First of all,
geometries are fully optimized using coupled-cluster the-
ory with single, double, and perturbative triple excitations
(CCSD(T))*%3" in combination with an atomic natural orbital
triple-zeta (ANO1) basis set.>%3* Harmonic vibrational anal-
ysis is then performed to verify the nature of the station-
ary points located: all real frequencies for a minimum and
only one imaginary frequency for a transition state. Next,
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anharmonic corrections based on second-order vibrational
perturbation theory (VPT2)>“ are calculated using CCSD(T)
but with a smaller double-zeta (ANOO) basis set.>2>3 Finally,
single-point energies are obtained using a composite method
(denoted hereafter as mHEAT),?7-3> which is a slight modi-
fication of the original high accuracy extrapolated ab initio
thermochemistry (HEAT) protocol*%3% that makes it more
applicable to medium-sized molecular systems. It has been
shown that the mHEAT model?735 can yield an accuracy of
better than 2 kJ/mol for relative energies (more detailed
information can be found in the supplementary material).
Table I shows individual energies (relative to the initial
reactants, *OH + CH3OH) of various terms that compose the
mHEAT energy. As seen in Table I, the three most important
contributions arise from the SCF, CCSD(T), and zero-point
vibrational energy (ZPE) calculations. SCF gives a good esti-
mation for the binding energy of the vdW complex but sig-
nificantly overestimates the barrier heights. For a transition
state (TS), the CCSD(T) correction is very important, and it
drops the barrier drastically. The ZPE difference is positive for
the complex but negative for a TS, in part because the reac-
tion coordinate motion in a TS is excluded. In addition, the
higher-level correction including full triple and perturbative
quadruple excitations is also important here for the TS; it low-
ers the barrier further (by ~2 kJ/mol). It should be noted that
the spin-orbit correction of 0.46 kJ/mol,*® from the experi-
mental value for the *OH radical, is quite large in this case. The
remaining contributions are small but collectively important.
Table 1I shows a comparison of mHEAT energies and
those reported in the literature.'®'? Barriers obtained in
CCSD(T)/CBS calculations agree well (within 0.5 kJ /mol) with
mHEAT, but both G2'¢ and CCSD(T)/6-311+G(3df,2p)'° levels
of theory overshoot mHEAT by ~4 to 8 kJ/mol. The calcu-
lated thermal rate constants depend sensitively on a barrier
height (especially at very low temperatures), so such differ-
ences assume importance. It is of interest to compare mHEAT
(classical) barrier heights with those reported recently using
CCSD(T)-F12a/jun-cc-pVTZ (see Table [1).2° Our classical bar-
rier heights (e.g., excluding ZPE and the other small correc-
tions) are 4.1 and 15.3 kJ/mol, respectively, for TSI and TS2,
which are about 2 kJ/mol lower than the values of 6.1 and
16.7 kJ /mol obtained by Gao et al.2° Note that the higher-level
correction (about -2 kJ/mol, see above) was not included in

TABLE I. Individual energies (kJ/mol) of various terms (relative to *OH + CH30H)
calculated using the mHEAT-345(Q) method.

Individual term Complex TS1 TS2
SE(SCF — o) —18.644 74.992 114.265
SE(CCSD(T) — o) —7.837 —69.431 —96.614
SE(CCSDT) 0.019 —0.873 —0.915
SE(CCSDT(Q)) —0.076 —0.633 —1.443
SE(Core) —0.151 0.002 —0.010
SE(DBOC) 0.022 0.070 0.294
SE(Scalar) 0.102 0.063 —0.076
SE(SO) 0.460 0.460 0.460

SE(ZPE) 7.831 —4.231 —7.930

Total mHEAT —18.274 0.419 8.031
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TABLE Il. Comparison of relative energies (kJ/mol) of various stationary points in this work with those in the literature. The
values given in parentheses are classical barrier heights, which exclude ZPE corrections.

Species mHEAT? CBS(aD, aT, aQ)” Xuand Lin® Jodkowski et al.! Gao et al.®
OH + CH30H 0.00 0.00 0.00 0.00 0.00
Complex —18.27+2 —18.72 —20.50 n/a n/a
TS1 042 =2 (41+2) 0.27 418 3.7 6.1)
TS2 8.03+2(15.3+2) 8.62 15.90 14.64 (16.7)

4This work (see the main text).

bThis work: total energies are calculated as CCSD(T)/CBS(aD,aT,aQ) + anharmonic ZPE + DBOC + scalar + SO +

core + HLC.

¢CCSD(T)/6-311+G(3df,2p)/ /MP2 /6-311+G(3df,2p) level of theory.'?

4G2 method.18
€Taken from Ref. 20.

the work of Gao et al.,?° and this appears to be the princi-
pal reason for the difference in values. In this case, at least,
CCSD(T) does not appear to “be enough.”

lll. CHEMICAL KINETICS CALCULATIONS

The schematic reaction energy profile is displayed in
Fig. 1. The first step of the process is an association of *OH
and CH3OH to form a van der Waals complex, which has
a binding energy of 18.3 kJ/mol. The fate of this complex,
once produced, depends on the reaction conditions. Stabi-
lization is highly unlikely at sufficiently high temperatures,
but some of the complexes can be stabilized by collisions at
lower temperatures. The remaining unstabilized complexes
still have ample internal energy and can either re-dissociate
back to the initial reactants or undergo an H-abstraction to
produce *CH,OH or CH30°". It should be mentioned that the

s T
.......... Fitted
Ab initio

-10

CH;0 + H,O

15 5715

20— k %

FIG. 1. Schematic reaction energy profile of *OH + CH3OH reaction constructed
using the mHEAT-345(Q) method: solid lines are current ab initio results; dotted
lines display adjusted barrier heights.

CH,OH + H,0
-96.78

stabilized complex can also subsequently decompose ther-
mally to yield the same products, but the thermal decompo-
sition process occurs on a time scale (much) longer than the
chemically activated one. To better understand this compli-
cated reaction process, a master equation approach must be
used.

A (fixed-J) two-dimensional master-equation (2DME)>°-43
that describes the time evolution of the complex, products,
and reactants in the chemically activated reaction as displayed
in Fig. 1 can be formulated as follows:

OC(Em, Tn) _ i

e / P(Em,Jm|En,Tn) - @ - C(En,Jn) - dEy,

=0, ~0

—w C(Emme) - {kO(Eme) +R1(Em, Im)
+R2(Em, Jm)} - C(Em, Jm) + Roo(T) - Fea(Em, Im)
-Con - CcH;0H, 3

where w (in s™) is the collision frequency, C(Em, Jm) is the
population of complex at the internal energy E,, and the rota-
tional angular quantum number Jn,, Cony and Ccyson are the
concentrations of *OH and CH3O0H, k«(T) is the capture rate
constant for the association of *OH and CH3OH, which can
be computed using (micro-variational) transition state the-
ory at the high-pressure limit, P(Em,Jm|En,Jn) is the energy
transfer probability function from an initial state (E,, J,) to
a final state (En, Jm), and ko, ki, and k; are the microcanoni-
cal rate constants for the unimolecular dissociations of com-
plex to *OH + CH30H, H,O + *CH,0H, and H,O + CH30°",
respectively. Because the reverse association of *OH and
CH3OH is a barrierless process, variational Rice-Ramsperger-
Kassel-Marcus (VRRKM) theory*“¢ must be used to com-
pute ko(E, J). The two H-abstraction pathways have tight
TSs; thus, the semi-classical transition state theory (SCTST)
approach“7->1 as implemented in the MULTIWELL program>?2
can be employed to obtain ki(E, J) and ky(E, J). Note that
hindered internal rotations having low vibrational frequen-
cies in a TS that correspond to large-amplitude vibrations are
projected out and treated (approximately) as separable one-
dimensional hindered internal rotors (see the supplementary
material). Fca(Em, Jm) is the initial, nascent energy/angular
momentum distribution function of the energized complex,
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which is just formed from the association of *OH and CH30H
and expressed as Eq. (4),53-56
(21 + ko (E, Np(E, J) exp(- g5

Fea(B,J) = '
CA( ) Z;io fgc(zj + 1)k0(E1 J)p(E,]) eXp(_%)dE

)

Here p(E, J) is the rovibrational density of states of complex.

To solve Eq. (3), in this work, we use a fixed-J model for
the energy/angular momentum transition probability func-
tion. We assume that total internal energy can change through
collisions, but total angular momentum (J) remains unchanged
(i.e., J is fixed). Therefore, the P(Ep,Jm |En,Jn) function can be
simplified to a one-dimensional function, which now depends
on a total internal energy only,

P(Em,Jm|En,Jn) = P(Em,J|En,J) = P(Em |En); = P(Em |En).

Advantages and drawbacks of this quite simple model have
been discussed in our recent papers.?>-2°

A. Low-pressure limit, P=0

The stabilized yield of complex is zero; thus, Eq. (3) has
an analytical solution—total rate constant yielding products—
given by Eq. (5),2457

Rproducts (T’P = 0)
= 7@

Zio (@7+1) oni . (G} (EJ)+G3(E.D))- G5 (EJ) exp(- £ )dE

GZ(EJ)G (EJ)*GL(E))

QouQcH,0H + ©)
where o = 2 is the reaction path degeneracy, both TSs being
enantiomeric, Qf and Q; are the translational and elec-
tronic partition functions of a TS, R is the gas constant, h is
Planck’s constant, Qo and Qcu,on are the complete parti-
tion functions of *OH and CH3OH, respectively, and GT(E,J)
is the rovibrational cumulative reaction probability through
TSi.

The rovibronic coupling in OH plays an important role
in the low temperature partition function of OH radical
and must be explicitly considered here. In this work, the
coupled electronic-rotational-vibrational partition function is
obtained by a procedure for generating diatomic partition
functions currently used in Active Thermochemical Tables
(ATcT).58-50 For OH, this involves a direct count over ~1150
bound rovibronic levels of the X IJ; state, the energies, degen-
eracies, and quantum numbers of which were calculated from
a slightly expanded set of known experimental spectroscopic
constants using the Hill-Van Vleck Hamiltonian.®'-6? It should
be mentioned that the uncoupled model using the usual
assumption of separable rotational, vibrational, and electronic
components to partition functions underestimates the correct
partition function of OH: the ratio between the two is found to
be 3.95at10K, 2.03 at 50 K, and 1.49 at 100 K, dropping to 1.15 at
300 K and becoming only about 1.06 between 1000 and 2500 K.
More detailed information can be found in the supplementary
material.
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B. High-pressure limit, P = «

First, the complex is completely stabilized by collisions.
Then, it is rapidly re-populated thermally. The thermal-
ized complex can subsequently decompose to give products,
CH30* and *CH,OH. Applying the steady-state approximation
to the complex, a total rate constant forming the products can
be computed via Eq. (6),

{ki(T) + ko(T)) - Reo(T)
Ro(T) + ka(T) + ko(T)

_ {Qus1 + Qrsa} - keo(T) ©)

Qrso + Qrs1 + Qrs2

Here, ki(T) is the rate constant for the (thermal) unimolecular
dissociation of complex through TSi calculated at the high-
pressure limit, and Qrs; is the complete partition function of
TSi.

Rproducts(T, P = ) =

As seen in Egs. (5) and (6), rate constants calculated at
the low- and high-pressure limits are apparently independent
on rovibrational parameters of the complex. In particular, the
low-P limit rate constants in this work—which are most rel-
evant to applications in interstellar chemistry as well as to
combustion where k(T) is pressure-independent—are wholly
independent on the complex rovibrational parameters.

At other pressures in the falloff regime, one must solve
Eq. (3) numerically to obtain product branching ratios (y©4).
If the stabilized yield of complex is not negligibly small, one
must solve a second master-equation for a thermally activated
decomposition of complex to obtain product yields (y™). Once
completed, a total rate constant can be calculated using Eq. (7).
More detailed solutions to the master equation are given in the
supplementary material,

CA CA CA
kproducts(T, P) = Reo(T) - |:7CH30 *YChon * YComplex

A A
: (VCH30 + VCHZOH)] ) (7)

where CA and TA stand for chemically activated and thermally
activated systems, respectively. As shown in the supplemen-
tary material, Egs. (5) and (6) are two simple limiting cases that
can be derived from Eq. (7).

IV. RESULTS AND DISCUSSION

The calculated thermal rate constants depend sensitively
on various factors including barrier height, tunneling correc-
tion, ro-vibrational parameters, and anharmonic constants.
Of those, the barrier height is the most important param-
eter, which will be adjusted while the remaining parame-
ters are fixed. For the reaction system considered here, it is
very challenging to get accuracy better than 1 kJ/mol from
quantum chemical calculations. For the purpose of doing a
kinetics simulation in this work, we raised both calculated
barrier heights by 1.55 kJ/mol (which still lies within a plau-
sible error bar for the mHEAT method) in order to match
the well-established experimental rate constant of (9.5 + 0.5)
x 1073 ¢m?3 molecule™! s7! at room temperature.! We then
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FIG. 2. Bimolecular rate constants calculated as functions of temperature (200-
2500 K) and pressure using the 2DME/SCTST/VPT2+ approach. Other theoretical
studies and experimental data are also included for comparison.

use these adjusted barriers to estimate rate constants at other
temperatures.

Figure 2 shows rate constants calculated at two different
pressures and T > 200 K, which are relevant to atmospheric
and combustion applications.’ 5161820 Ag seen, the calculated
rate constants agree well with experimental results (within
~20%)' and are nearly pressure-independent when temper-
ature is greater than 250 K. Below 250 K, the theoretical
rate constants (slightly) depend on pressure, and experimental
data available are clearly in the low-pressure regime. Figure 2
also reveals a comparison of this work with the two previ-
ous studies.”??% As compared to the benchmark experimental
data, our results are very similar to those obtained previously
and maintain relatively consistent accuracy for the whole tem-
perature range 200-2500 K. Note that the modified Arrhenius
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FIG. 4. Bimolecular rate constants calculated for an extensive temperature range
of 20-2500 K and as a function of pressure using the 2DME/SCTST/VPT2+
approach. Symbols are experimental data: filled red circles from Refs. 2 and 3
With Peypy. < 2 Torr, filled pink squares from Ref. 17 with Peygy, < 0.4 Torr.

curve recommended by Xu and Lin'? also agrees nicely with
the experimental results.

Figure 3 reveals that the calculated rate constants are
strongly dependent on both pressure (10~-10 Torr) and tem-
perature (10-100 K) under conditions relevant to interstellar
and circumstellar chemistry. Interestingly, the rate con-
stants increase with pressure (as expected) but (surprisingly)
decrease with rising temperature. In addition, the pressure-
dependence at 10 K is less pronounced than at 100 K. This
behavior is the result of two coupled effects: one is the
increase in the stabilized yield of the complex when tem-
perature decreases, and the other is the tunneling-controlled
decomposition mechanism of the complex at very low temper-
atures, in accordance with experimental observation.2>'7 It is
well-established that quantum mechanical tunneling strongly

1()'9E —TT T —TT T —TTT T

1070

10" E

-7
—

1012 b e e mem =TT

K(T, P) / cm® molecule™ s™

FIG. 3. Bimolecular rate constants cal-
culated as a function of pressure
(10-"-10* Torr) in an extremely low tem-
perature regime (10-100 K) using the
2DME/SCTST/VPT2+ approach.
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TABLE Ill. Comparison of thermal rate constants (cm® molecule " s~ 1) calculated at the low- and the high-pressure limits
using 2DME/SCTST/VPT2+ and CCUS(SRP)Z° approaches.

T(K) 2DME/SCTST (P=0) LPL-CCUS (SRP)" 2DME/SCTST (P =) HPL-CCUS (SRP)’
30 7.72%1012 7.71x 1013 7.06 x10 1! 1.09x 1010
35 5.90x10~ 2 6.46 x10~13 6.99x 101! 117x10—10
40 4.62x10712 5.60x10~13 7.08 x10~11 1.25x10710
45 3.74x10~12 4.98x10713 7.26x10~1! 1.33x1010
50 3.08x10~12 451x10-13 7.51x 101 1.40x1010
63 210x10~12 3.76x1013 8.26x10~1! 157x10-10
70 1.67x10 12 351x10 13 8.70x10 11 1.66 x1010
80 1.32x1012 3.28x10°13 8.89x10~1! 176 x10~10
90 1.08x 1012 314x10713 7.46 %1011 1.78 x 1010
100 9.24x1013 3.06x10~13 446 %101 1.44x10-10
110 8.16x1013 3.04x10°13 215%10~1! 7.93x10~1
120 742x10718 3.05x1013 1.04x10~1 354x10°1
125 7.16 1013 3.06x10 13 7.46 1012 2.38x10 1
130 6.94x10~13 3.09%1013 5.51x 1012 163x1011
135 6.77x10~13 312x10713 4191012 115x10~1
150 6.47x10~13 3.24x10~13 217x10~12 4.87x10~12

aTaken from Table S8 of Ref. 20.

correlates with the magnitude of the reaction coordinate
(imaginary) vibrational frequency, wg: a larger wp generates
a thinner barrier, thus resulting in an enhanced tunneling
probability. TS2 has an wp of 2017i, about 2.4 times larger
than that of TSl (wp = 836i). So, it is not entirely sur-
prising that pathway 2 dominates at low temperatures, and
that below 50 K, CH30* becomes the sole product. At 10 K
in cold, dense clouds, we estimate a rate constant varying
from 0.9 x 107'° cm?® molecule™! s7! at the zero-pressure to
2.4 x 10719 ¢cm?® molecule! s7! at the high-pressure limit, which
is in good agreement with values used in models from 0.4 to
3 x 1071 cm® molecule! s~1.417

Figure 4 displays the rate constants calculated for an
expanded range of temperatures and pressures. In the low
temperature regime (20-250 K), the rate constants fall quickly
with temperature and reach a minimum at about 200 K,
beyond which the rate constants increase sharply with tem-
perature. This result leads to a curious-looking curve for the
temperature-dependence of the rate constant as has also been
reported recently by others.?? Inspection of I'ig. 4 also shows
that in the very low-temperature regime, the experimental
results of Heard and co-workers? can be reproduced using
a (higher) pressure of 3000 Torr, and the experimental results
of Antinolo et al.'” can be mimicked using a (lower) pressure
of 200 Torr. These two working pressures are roughly two
to three orders of magnitude higher than those actually used
in the experiments.?*'7 An explanation for these differences
is not readily apparent. It has been suggested that formation
of dimers of CH3OH at very low temperatures,®* followed by
their fast reactions with *OH radicals, could lead to a larger
overall reaction rate constant. However, this idea is not unan-
imously accepted.®#¢> It might also be speculated that the van
der Waals complex of *OH and CH3OH has a short lifetime,
thus not exhibiting statistical behavior.®® Further studies are
clearly warranted.

It is of interest to compare the 2DME/SCTST/VPT2+
results with those from Ref. 20 in a low temperature range
(30-150 K, see Table III). As seen there, the results of both
approaches agree well with each other (within 30%) for the
high-pressure limit and temperatures below 35 K. However,
at higher temperatures, there is a difference of a factor of
2-3. For the low-pressure limit, the agreement between two
approaches is quite good; this is partly because of the differ-
ence in formulas used [the microcanonical model, Eq. (5), in
this work versus the canonical model, Eq. (12), in Ref. 20].

V. CONCLUSIONS

In summary, (fixed-J) two-dimensional master equa-
tion methods are used to simulate the title reaction under
extremely low temperatures relevant to interstellar chem-
istry. It is found that the rate constant increases significantly
as temperature decreases as has previously been observed
experimentally and computationally. A rate constant esti-
mated at 10 K in cold, dense clouds of stars is 10710 cm?
molecule™ s7!, approximately two orders of magnitude faster
than that at room temperature. This remarkable result is due
to the fact that the yield of the complex rises with low-
ering temperature and that tunneling controls its succeed-
ing decomposition under these extremely low-temperature
conditions.

SUPPLEMENTARY MATERIAL

See supplementary material for theoretical methods,
additional results, optimized geometries, and rovibrational
parameters, for various stationary points are provided.
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