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Further trajectory studies on the C* 4+ H,O reaction have been performed using a potential energy surface described through
a finite element method in its p version. In former trajectory studies [Y. Ishikawa, T. Ikegami and R.C. Binning Jr., Direct ab
initio molecular dynamics study of C* + H,0: angular distribution of products and distribution of product kinetic energies,
Chem. Phys. Lett. 370 (2003), pp. 490—-495; J.R. Flores, Quasichemical trajectories on a finite element density functional
potential energy surface: the C* + H,O reaction revisited, J. Chem. Phys. 125 (2006), 164309], tunnelling was not taken
into account. The present results together with the analysis of the electronic excited states [J.R. Flores and A.B. Gonzalez,
The role of the excited electronic states in the C* + H,O reaction, J. Chem. Phys. 128 (2008), 144310] are useful to interpret
the mechanism of the title reaction, which has been the subject of crossed beam experiments [D.M. Sonnenfroh, R.A. Curtiss
and J.M. Farrar, Collision complex formation in the reaction of C* with H,0, J. Chem. Phys. 83 (1985), pp. 3958—3964] and

can be considered a prototypical ion—molecule reaction.

Keywords: quasi-classical trajectories; FEM; ion—molecule reactions; tunnelling; molecular astrophysics

1. Introduction

The formyl and isoformyl cations are molecular species of
great astrophysical importance [1—6]. One of the reactions
that can generate the [HCO]" system in the space is

C* +H,0— [HCO]" +H.

It has been studied experimentally by Rowe et al. [7] for
thermal conditions at 7= 300K and by Marquette et al.
[8] at low temperatures in the range of 27—163 K. They
have used the CRESU technique (reaction kinetics in
uniform supersonic flow). There is a very detailed
experimental study using the crossed beam technique by
Sonnenfroh et al. [9] (see also [10]). This study has been
performed at two particular collision energies, namely
0.62 and 2.14eV. The authors have concluded that there
are two reaction mechanisms: a direct one in which
hydrogen is expelled as soon as the collision complex is
formed (a ‘knockout’ mechanism) and a slow one in which
the collision complex becomes a relatively long-lived
intermediate. Although they have not been able to
determine branching ratios, they have concluded that
HCO™" should be at least 30% of the products. They
hypothesised, based partly on the ab initio computations
available at the time [11], that HCOH™" would be the long-
lived reaction intermediate, which could evolve towards
both the formyl and the isoformyl cations [9,10].

The method of quasi-classical trajectories has been
applied quite recently to the study of the title reaction.

Ishikawa et al. [12,13] have performed a direct dynamics
study at the QCISD/6-31+G#* level. Contrary to the crossed
beam experiments, they have found virtually no flux towards
HCO™ (at 0.62¢V). They have also concluded that COHy
rather than HCOH™ is the main intermediate. The present
author has performed another study using an analytical
potential energy surface (PES) constructed by using a p
version finite element method (FEM); the PES points have
been determined using a geometry-dependent density
functional method, which has been calibrated using bench-
mark ab initio computations of the stationary points of the
PES [14]. This procedure gives an accurate description of the
area of the PES, which should be of critical importance in the
reaction dynamics, in particular, to determine the branching
ratio. However, the results agree with those of Ishikawa in the
point that HCO™ is almost not formed. There could be two
obvious explanations, tunnelling and the contribution of
electronic excited states to the dynamics. The excited
electronic states of the present system have been examined
in a recent paper [15]; the present work is a first attempt
to establish whether tunnelling could be a significant effect.

2. Theoretical aspects
2.1 The models

In a previous paper [14], we have introduced a p version
FEM to describe PES, which has been applied to the PES
of ground state (CH,0)". The electronic structure method
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is a DFT/6-31G** approach derived from the B3LYP
method [16] in which the parameters are dependent on the
geometry. The FEM potential V™ is combined with a
long-range potential V|, which describes the interaction
between C" and water quite accurately, in such a way that
the complete potential is

V=VEMy 4+ (1 —wVi, )]

where w is a switching function.
The FEM part has the following general expression:

Ly Lnp Ly z f

ViE(r 2y ) =3 Y > e [ Xt )
=1

i=0i,=0 =0  k

where {r;} are the geometrical coordinates, C}”i} are
coefficients and {X;, } are one-dimensional local functions
corresponding to the kth geometrical variable. L,
represents the polynomial order at element m for the ry
coordinate and #; , is the corresponding intrinsic variable,
which can be expressed in terms of the segment’s mid-point
and half-length &, (both scalar quantities), in the following
way tim = (rk = Fim)/ Sk ms With —1 = 1., = 1. The one-
dimensional local functions X; are either interpolation
{Io,,11,} or shape functions {Sj,, ...,SLMk_l}, where X,
corresponds to S;,, which is a second-order polynomial.
Only the first type of functions is Lagrangian. The
Lagrangian functions have the following expressions in
terms of the intrinsic variable: Iy(f) = (1 — ¢)/2 and
I,(f) = (1 4 1)/2. The shape functions are written generally
in terms of  the Legendre polynomials
S;(t) = (Pj+1(t) — Pj—1(1))//4/ + 1. Note that the inter-
polation and shape functions are used in a hierarchical way,
i.e. if Si(¢) is present in the one-dimensional set correspond-
ing to a coordinate at a particular element, all lower order
basis functions, {S;—(?)..., Ip(?), I;(¢)}, must be present as
well. One can use different basis sets for different
coordinates or different segments of each coordinate,
which implies that different elements may have different
descriptions.

The long-range potential has a relatively complex
expression inspired in the work of Vande Linde and
Hase [17].

The probability of tunnelling for the case of
unimolecular decay (metastable state) is given by [18,19]

P, =e N, 3)
where P, is the probability of tunnelling when the system

hits the barrier at time 7, (i.e. a turning point is reached)
and A is the action integral that can be computed as

A= Im J 2p(s)ds. 4)

51

The probability that the system has not tunnelled, in other
words, has survived, at a time ¢ when the trajectory has
reached a turning point k(7) times is [20]

k(1)

Py =[] a - P, )
=1

so the tunnelling probability is defined as
Pi(t) =1 — Ps(1) (6)
and can be computed through the following expression

k(1)
Pt(t):ZPj(l —Pi-)(1 = Pj—)--«(1 =Py), (1)
=1

which, if P; < 1 is approximately Zi(:t)l Py.

If the probabilities are averaged over initial conditions,
we have

(Ps() = 1 = (P(1)). ®)

The computation of the average can be performed by using
the ensemble of trajectories as shown by Waite and
Miller [20].

Of course, the present case is polyatomic so a very
important aspect is the way the tunnelling path is defined.
The basic principle has been to minimise the action by
selecting an appropriate direction in the PES. Taking into
account former work [18,21—-24], three basic directions
have been considered: (1) the direction representative of
the process, which, if there is a saddle point, is the normal
mode of imaginary frequency, (2) the direction of the
vector that connects the current position on the PES with
the region of the local minimum corresponding to the
product, and (3) the direction of the vector that connects
the current position with that of the saddle point.

In case there is no saddle point, one has to choose a
coordinate representative of the minimum energy path. In
case the product does not have a well-defined local
minimum, one has to choose a representative geometry for
the product. It happens for instance in bond cleavage
processes leading to very loosely bound or non-bound
products; in such a case, one could chose a point on the
least energy reaction path, where the energy variation is
very small and the internal atomic rearrangement within
the two moieties has ceased.

In the present case, we have scanned in a range of
directions using the following vectors:

F
AL =Ny (rrs(i) = ro()i
l ©
F
iy = N2 (rmin(i) = re()nrs (),
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where #; is the unit vector of the direction of the ith
internal coordinate and ryg(i), 7,(i) and rm;(i) are the
corresponding components of the vector pointing at
the transition state (rrs(i)), of the vector representing the
current geometry (r,(7)) and of the minimum representing
the products. On the other hand, ntg(i) represents the ith
coordinate of the transition vector and {N,N,} are
normalisation constants. The direction is given by

2 = Np(yng + (1 — i), (10)

where v is a variable that is optimised by minimising the
action integral. The sudden approximation is applied at
this step [19,23,25], so the action integral is computed as

A= J 2u(V(s) — V(s))]'/2ds, (11)

51

where u is an effective reduced mass of the tunnelling path
and s is the corresponding length.

Given that we consider a tunnelling path correspond-
ing to each of five isomerisation or dissociation processes,
we determine ﬁve different 711, vectors, so we will write
from now on 72{), = 1-5. Note that the tunnelling vectors
determined in this way are dependent only on the
molecular geometry and the topology of the PES.

At every time step of a trajectory, we determine
whether a turning point on the corresponding direction has
been reached. In practice, the computation of the
tunnelling vectors corresponding to some processes and
the corresponding test for the turning point may be
excluded if the molecular geometry makes those particular
tunnelling events extremely unlikely, i.e. if the corre-
sponding point on the PES is too far from that of the
corresponding saddle point or product.

In case a turning point is reached, a computation of the
tunnelling probability is performed. As we have already
pointed out, we try to provide an upper bound to the
tunnelling probabilities, and we intend to do so by seeking
a reduction in the action integral through the introduction
of some curvature in the tunnelling path, i.e. by
approaching the least action path. That integral is still
computed as in Equation (11) where, for simplicity, we
have used as the reduced mass that corresponding to the
normal mode of imaginary frequency of the saddle point of
the process.

We must emphasise that the procedure is designed to
help elucidate the reaction mechanism rather than to obtain
accurate rates for individual processes. It can be described
as follows. First, we have split the tunnelling length into
two parts, the separation point being that where the
distance to the transition state is minimal. We have that the
tunnelling coordinate of process [ is given, in principle, by

IO =r + &y 0=é=¢g". (12)

Molecular Simulation 327

The point closest to the transition state 7 is given by

DO ie. R — 7O(ED)| — min. A perpendicular contri-

bution to the tunnelling coordinate is defined as follows:
@ =50 @w(:;
Do \1/2 — 0
wl(&) = (¢/&r) " foré = &g

w0 = (& — 8/(& — &%) for & < £ = £,
13)
where 5(¢) is chosen to be perpendicular to 7). In
practice, the action integral is computed by numerical
integration, so ¢ takes a number of values {&,}; we have

taken equal-width steps. Then the tunnelling path becomes

FO@ =7 + &y + 70O, (14)

Let us note as {ﬁfn)} a set of F — 1 orthonormal
vectors perpendicular to r‘z(lg. We have that E(ll)(fn) can be
expressed as follows:

P = Z o' (15)

The set of parameters {a(")} is derived from the preceding
set {a(” D} through the f0110w1ng expression:

V/oa),
2(V(FD(&,,0)) — V(Fy)),
(16)

a;n) = a}n—]) - An(§n - f”l - 1)2

which, if A, = 1, approximately minimises to first-order
Vn— V(?g))]/zl?n ! |’ where 7, = Fe+ fnﬁ(lg +§(Ll) (&)
and

F—1
Va=V(f+&AD) + > @V/oap,a+--.  (17)
J

We have that V(F?(£,,0)= V(7 +&7a)) and that
(0V/day), is computed at 7g+§nﬁ(12- In practice, we
have found it convenient to include A, which is a scaling
parameter and choose its value by minimisation of
(V — V(7 N'/2|7, — Fo_i]. After the set of parameters
{a } has been determined for all steps, we have a set of
pomts along the tunnelling coordinate {7"(&,)} and we
determine the action integral numerically.

We have considered that the following reaction
processes may be subject to tunnelling:

(1) COHi — TSIH— COHT + H
(2) COHj — TS12— HCOH™

(3) HCOH'™ — TS2CH— COH' + H
(4) HCOH' — TS20H — HCO*™ + H
(5 H—COH* —H + HCO*
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Table 1. Components of 7¥)s and ?](fl)in

for the five tunnelling processes considered (A and degrees) and transition vectors ﬁg)s.a

Process (1) Process (2)

Process (3) Process (4) Process (5)

70

d(CO) 1.2379 1.3145
d(OH,) 1.4879 1.2287
d(OH,) 1.0050 1.0055
< COH, 128.1 67.8

< COH, 125.9 127.9

< COH,H, 180.0 1488
P

d(CO) 1.2200 1.2236
d(OH)) 1.6000 2.0143
d(OH,) 1.0050 1.0050
< COH, - 26.3

< COH, 180.0 118.6

< COH,H, - 180.0
i

d(CO) —0.3434 0.2974
d(OH)) 0.9251 —0.5587
d(OH,) 0.0116 —0.0224
< COH, 0.0768 0.7688
< COH, 0.1421 0.0887
< COH,H, 0.0000 0.0024

1.1407 1.1410 1.1410
0.9934 2.1806 1.3052
2.5702 1.6025 -
177.7 11.8 57.0
58.5 128.1 -
180.0 0.0 -

1.2200 1.1410 1.1410

2.5702 2.1800 2.1600

1.0050 1.9 -

- - 0.0
177.7 128.1 -
180.0 - -

—0.0528 —0.1108 0.1405

0.6743 0.0680 0.6953

0.0104 0.9514 0.0000

0.6315 —0.2736 —0.7049

0.3790 0.0563 0.0000

0.0000 0.0003 0.0000

“Reduced masses for the tunnelling paths of the five processes are (in u): 1.2439, 1.1406, 1.0637, 1.1299 and 1.2009.

It must be noted that TS2CH is a very loose saddle
point; the exact PES is likely not to present one, but it
appeared at the QCISD/6-311+4G(2df,p) level so it was
taken as [14]. Process (5) is an isomerisation process
taking place when one of the hydrogen atoms is
significantly separated from the COH' moiety; the initial
structure does not need to be HCOH™, it can be COH; as
well. This process could have been characterised by a
second-order saddle point, i.e. by a stationary point with
two imaginary frequencies, one corresponding to isomer-
isation and the other corresponding to the fragmentation
movement; however, we have not been able to locate it in
the FEM PES.

As we have pointed out above, in a previous quasi-
classical trajectory study [14], we found that virtually none
of the trajectories generated HCO™ in contrast with the
crossed beam experiments [9,10]. A possible explanation
could be that efficient tunnelling in process (4) eventually
combined with an increased flux to HCOH™ due to a more
efficient tunnelling in process (2) than in process (1) may
boost the production of HCO™.

Tunnelling in processes (1), (3) and (4) correspond to
the metastable state case [19]. Tunnelling in process (2)
would correspond, in principle, to the asymmetric double
well case [19] but it turns out that HCOH™" is usually
‘formed’ with a very energised H—C bond, so we have
considered it as a nearly dissociative path and treated it as
a metastable state case. Process (5) has been treated as a
barrier penetration case [19], i.e. the expression employed

for the tunnelling probability is

P, =1/(1 4/, (18)

([)S and 7'(1)

The choice of 7; in for the five paths considered
is the following (see the numbers in Table 1). For process
(2), we have employed the minimum and transition-state
geometries of our FEM PES. In the case of processes (1),
(3) and (4), the geometry of the minimum is not well
defined for the PES is basically flat for increasing
H—(COH)™" distance. In these cases, we define 7" using
the geometry of the corresponding transition state as a
reference for the O—H or C—H distance (H being the
hydrogen atom which is eliminated), and using the
equilibrium geometry of isolated COH" or HCO™
(process (4)) as reference for the corresponding moieties;
the rest of the parameters are the same as in 7,. ?fﬁi)n is
composed of the equilibrium geometry of HCO™' and Tas
?(TSS) is defined by the geometry of the saddle point of the

HCO"' — COH™" isomerisation and Ty.

2.2 Averaging

As we have pointed out in the former section, the survival
and tunnelling probabilities must be averaged for the
ensemble of trajectories. It is also convenient to perform a
time average for each trajectory over the period of the
movement of the tunnelling direction [20]. Both tasks have
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been accomplished according to the expressions given by
Waite and Miller [20].

In the present case, trajectories are started at long
C*t—OH, distances (15 A), with being in its vibrational
ground state with no rotation. The relative translational
energy corresponds to 0.62 eV (i.e. one of the two energies
used in the crossed beam study [9,10]). We have also
chosen zero orbital angular momentum. Note that it is not
the case that the collision complex (almost always initially
COH; due to dipole alignment) has the same distribution of
the energy among the normal modes in all trajectories; in
other words, we do not have a common quantum state of
COHj even if we have a particular quantum state of the
collision pair. The ensemble average involves all quantum
states of the complex, which can be generated from that
state of the collision pair and is quite adequate to determine
whether tunnelling can be a relevant effect under the
conditions of the experiments. It should also be noted that,
although the collision complex (COHJ) has a relatively
large energy (about 101.6 kcal/mol including ZPE), it is not
always the case that the energy excess, which tends to reside
initially in the C—O bond, accumulates quickly in the
movements related with fragmentation to COH" + H or
isomerisation into HCOH™, as we will see. In other words,
in principle, there is a chance that tunnelling may be
competitive with the corresponding classical processes and
have a sizeable effect.

The period employed for the time average is the time
delay of the first hit of the current trajectory with respect to
the earliest first hit within the ensemble. In the present
case, which is multi-dimensional, and where we do not
have a selection of pure quantum states of the
intermediates (i.e. the reactants in reactions (1)—(5)
above), it is more adequate than other options such as
taking the average of the time delay between successive
hits. In any case, we have not found the results to be very
sensitive to the choice of the time average.

We have compared two quantities, (Py(r)) =1 —
(P:(1)) (defined in expressions (5)—(8)) and what we note
as (P (1)), i.e. the survival probability due to reaction of
the intermediate without tunnelling. The identity of the
reacting intermediate depends of course on the tunnelling
process; it is COH;r for (1) and (2), HCOH' for process
(3), etc. A ‘reaction’ event is any (classical) process in
which the intermediate disappears, not necessarily that of
the tunnelling process. (P;,(f)) has been calculated
basically as proposed by Waite and Miller [20], by setting
to zero the reaction probability when the intermediate has
not reacted and to 1 when it has reacted. Whether the
intermediate has reacted is established by checking
whether the trajectory has left the PES area corresponding
to it, according to the PES partitioning employed in Ref.
[14], and making sure it does not hit again a turning point
of the corresponding tunnelling process. It happens quite
often that after having left the PES area of the
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intermediate, the trajectory comes again to it; only if it
does not reach a turning point during this new stay or
subsequent stays, the process is considered a reaction
event. The ensemble of trajectories employed to compute
the average for a particular process is composed by the
subset of trajectories that ever reach a turning point
corresponding to that process. Perhaps it should be
stressed that a particular trajectory may be active in
different tunnelling processes at different times.

Perhaps it should also be stressed that (P; ,(¢)) has been
calculated by taking into account actual ‘reaction events’
whereas (P,(t)) has been determined by using semi-classical
tunnelling probabilities. It should also be noted that,
although the use of these two survival probabilities is very
much in the spirit of the so-called classical-plus-tunnelling
method [20-22], it is a somewhat different approach.

3. Results

In order to assess the importance of tunnelling, we have
compared the survival probabilities due to tunnelling
(P4(1)) and (P (1)); actually we have used the logarithms.

We have used a total of 2400 trajectories (see more
details in [14]). This number appeared to be sufficient in
view of the results obtained with 600 and 1200 trajectories.
For example, the tunnelling rates reported below are
coincident within 9% with those obtained with 1200
trajectories, except for process (4) where they agree within
23%. It must be noted that the sampling procedure has
been performed using the VENUS 96 program [26]. See
also [14] for more details.

3.1 Process (1)

The results are shown in Figures 1 and 2. A total of 901
trajectories give the results of those figures. It is readily
seen that both figures have the same structure, with two
nearly linear segments. The first segment corresponds to
the ‘direct’ trajectories, i.e. C*—H,O collisions giving
COHj in such a way that the O—H stretching mode
quickly acquires enough energy to dissociate or, in
general, to leave the area of the PES corresponding to
COHj, as well as to reach turning points corresponding to
process (1). After approximately 22 fs COH; formation by
C*—HzO collisions has ceased, and this time is almost
exactly when the second segment begins. COHJ further
decays due to the energy reorganisation that places enough
energy in the fragmentation or isomerisation movements.
Moreover, some trajectories that have left the area of the
PES corresponding to COHJ return to it and contribute
later to a further decrease of (Py(¢)) and (P, (¢)). The most
important conclusion however is that (P, ,(¢)) decreases far
faster than (P(r)). For instance, a Ln(P(r)) — ¢ fitting for
the first segment gives an effective rate coefficient of
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% —0.04
e
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S —006 -
—0.08
—040 -

Figure 1. Ln({(P(r))) — ¢ plot for process (1).

0.094fs™" ((P,,(r))) and only 0.006fs™" ((P,(£))). This
outcome is not difficult to explain; whenever the right
normal modes of COHJ are energised enough, there are
sizeable probabilities for tunnelling to COH™ + H but the
system is also more likely to leave the PES area
corresponding to COHJ .

3.2 Process (2)

The results are presented in Figures 3 and 4 and
correspond to 959 trajectories. They have basically the

0 50 100 150 200
0 .0 L] L L]

tits

-05 4
-1.04
-1.5 1

-2.0 4

Ln(1-Ps,r(t))

-25 -

=30 4

-35-

Figure 2. Ln({(P;,(t))) — tplot for process (1).

0 100 200 300 400
0 -BU L) L] L

tits

~0.02-
—0.044

-0.06 -

Ln(1-Ps(t))

-0.08 1

-0.10+1

-012-
Figure 3. Ln({(P(r))) — ¢ plot for process (2).

same structures as the equivalent figures of process (1)
even though that of (P(¢)) is more irregular than that in
process (1). Again the first segment corresponds to fast
trajectories and shows a similar decay rate as in process (1)
(0.111 fs~" for Ln({P; .(#))) and 0.006 fs " for Ln({Py())),
which means that, for short times, tunnelling is not a very
important effect although it is not insignificant. The time
of the transition between the two segments is about 25 fs,
i.e. it is very similar to that of process (1). However, the
second segment of Ln({P(¢))) is not linear and tends very

0 100 200 300 400
D.D L L L L
t ifs
—-10 ¥
g —201
&
s
=
85 —304
—40 -
=504

Figure 4. Ln({P; (1)) — t plot for process (2).
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-0.001 ;

-0.002 -

-0.003 ;

Ln(1-Ps(t))

-0.004 -

-0.005 ;

-0.006 -
Figure 5. Ln({Py(2))) — ¢ plot for process (4).

quickly to a nearly constant value; at times longer than
120fs, the reduction of Ln({Ps(r))) is insignificant
compared with that of Ln({P, (¢))).

3.3 Process (3)

We have not encountered any meaningful tunnelling flux
on process (3). The reason is that TS2CH is a very loose
transition state, which may not even exist in the exact PES,
so the trajectories can hardly reach a turning point on this
path.

3.4 Process (4)

The results are presented in Figures 5 and 6 and
correspond to just 31 trajectories. This fact implies that
process (4) must be of little relevance for that number
implies that only 1.3% of trajectories reach an area of the
PES and in conditions such that they may undergo
tunnelling through process (4). Even with the limited
number of trajectories, it is perceptible that, at short times,
the decay rate of Ln({P; (1)) is rather quick (0.15fs~")
whereas that of the tunnelling survival probability is rather
slow (0.0004 fs_l). Moreover, transition to the second
segment occurs very early, at about 14 fs, and from that
point the effect of tunnelling should be negligible.

3.5 Process (5)

We have encountered that 1871 trajectories are active on
process (5), which, as said above, represents mostly a
COH™ < HCO™ isomerisation during fragmentation. The
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Figure 6. Ln({P,,(¢))) — t plot for process (4).

results are shown in Figures 7 and 8. Now even the
Ln({P,,(t))) — t plot is quite irregular, at least partly as a
consequence of the fact that very ample regions of the PES
are involved; for instance, the fragmenting intermediate
can be both COHS and HCOH™. There is no evidence of
efficient tunnelling. The maximum magnitude of the slope
of the Ln((Py(t))) —t curve is —0.0009fs" ' (in the
interval 0—15fs) when the corresponding value of the
Lo({P, (1)) —t plot is —0.0399 fs~! (in the range
0-26fs). Tunnelling should virtually cease at about
300fs; the average decay rate due to reaction in the
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Figure 7. Ln((P(1))) — ¢ plot for process (5).
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Figure 8. Ln({P,,(¢))) — ¢ plot for process (5).

interval 0—300fs is still 0.0093 fs~ !, i.e. 10 times larger
than the maximum tunnelling rate.

4. Conclusions

We have performed quasi-classical trajectory computations
on the C* + H,0 reaction. The potential includes a short-
range part, which is described through a FEM method.
Former trajectory studies on that reaction differ from a
crossed study in the fact that almost no flow towards HCO™
+ H is encountered in the trajectory computations. The
present approach includes a procedure to estimate upper
bounds of the semi-classical tunnelling probabilities. The
incidence of tunnelling has been assessed by comparing the
time evolution of the survival probabilities (actually their
logarithms) for tunnelling and ‘reaction’, the latter term
meaning basically the disappearance of the intermediate(s)
involved in the particular tunnelling process considered.
Five possible tunnelling processes have been considered in
the evolution of COH; formed by C"—H,O collisions. The
sampling procedure for the collision process tries to be
coherent with the conditions of the crossed beam
experiments of Farrar et al. (in particular, those
corresponding to a relative translational energy of
0.62eV). The results, even if of limited accuracy, due to
theoretical and practical limitations, are clear in the
following points. First, the process HCOH" — HCO™ + H
cannot increase significantly its rate by tunnelling. More-
over, the modest increase of the rate of the COHj —
HCOH' isomerisation is quite close to that of the COHJ —
COH' 4+ H fragmentation, so tunnelling should not
increase the flux into HCOH™. Finally, a mechanism in

which fragmentation towards the products with concurrent
isomerisation of the COH™ moiety into HCO™, which
would explain the generation of the latter isomer, has not
been found to present large tunnelling probabilities.

The present results, together with those of a study of
the excited electronic states of the COHJ system, suggest
that the discrepancies between crossed beam studies and
trajectory computations may be due to a significant role of
first excited state in the reaction dynamics.
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