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THEORETICAL STUDY OF THE REACTION OF P* WITH METHANE

JESUS R. FLORES
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The dynamics of the reaction of P* with methane were studied by means of a combination of an approximate
classical trajectory method and RRKM theory, using accurate ab initio computations of the relevant minima
and saddle points of the lowest singlet and triplet potential energy surfaces. The results were compared with
those of gas-phase experiments obtained at 300 K. Computed rate coefficients are given for a wide range of
temperatures from 40 to 1000 K and may be useful in the modelling of interstellar chemistry, where the
reaction of P* with methane is believed to play a crucial role in the synthesis of small molecules containing a
P—C bond. The results appear to imply that an intersystem crossing process may play a key role in the reaction

dynamics.

1. INTRODUCTION

The reaction of P* with methane is believed to be the
crucial step in the production of simple molecules with
P-C bonds in interstellar space."2 Partly for this reason,
several gas-phase experimental studies have been
carried out,™ in addition to a theoretical study of the
lowest lying potential energy surfaces (PES) of the
(PCH,)* (n=2,3) systems that included a short
discussion on the most likely path for this reaction.’ The
experimental results, obtained at 300 K and very low
pressures, indicate that the only product is
(PCH,)" +H, and agree on the value of the rate
coefficient (k) [9-4x 107'° (Ref. 3) and 9-6 x 107"°
(Ref. 4) cm? molecule ! s7']. However, these studies
do not provide any insight into the nature of the product
(electronic state, molecular geometry) or into the
reaction dynamics or values for the rate coefficient at
lower temperatures, which are much needed in the
modelling of interstellar space chemistry.® The theoreti-
cal study’ concentrated on a search for the saddle point
for this process, but the theoretical level employed
(unrestricted Hartree—Fock theory?), that neglects the
so called dynamic and, to some extent, static electron
correlation, was not adequate to lead to reliable
conclusions.

It should also be pointed out that the reaction of P*
with methane is interesting on its own merit, in order to
understand the dynamics of gas- phase reactions involv-
ing small molecules. We have already studied, using a
method similar to that employed in this work, the
reactions of P* with water and Si* with ammonia.®?
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One of the conclusions of these studies was that the
experimental values of the rate coefficients correspond-
ing to the whole bimolecular process (k,,), cannot be
reproduced without correcting the rate of the capture
step (k) with a factor f representing the fraction of
PES which become nearly degenerate at infinite separa-
tion of the reactants and are attractive. In addition, we
concluded that the nature of the PES (repulsive or
attractive) should be identified by taking into account
their height throughout the reaction path, not just at
large separations of the reactants.” Dateo and Clary '
suggested that the rate coefficients for reactions of open-
shell ions with molecules will normally obey the rela-
tion k> kg, > fk., but it is not clear which factors may
eventually bring k,;, closer to k. In this respect, the
reaction of P* with methane is especially interesting,
because it has been found that the experimental rate
coefficient (obtained at 300 K) is close to a capture rate
computed using a model that includes the charge-
induced di?ole interaction  (11-5x107° cm3s™!
molecule ™!),* in contrast to the reaction of P* with
water for instance.*®

In this work, we employed a method advocated by
Phillips' ~!? for computing rate coefficients for gas-phase
reactions without activation energy, in the low-pressure
limit. It consists of two steps. First, we use an approxi-
mate classical trajectory method that can incorporate all
relevant contributions to the long-range potential, and
chemical interactions through a Morse potential to
compute the capture rate and also the energy distribution
of the collision complex;'""? in this particular case, we
take into account charge—induced dipole and
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charge—quadrupole potentials and a Morse potential
determined through ab initio computations . In the second
step, we employ the energy distribution, in addition to
microscopic rate coefficients [k(E)], to compute canoni-
cal rate coefficients [A(T)]. The microscopic rate
coefficients k(E) are obtained by computing the density
and sum of states through the Beyer—-Swinehart algorithm
as implemented by Gilbert." Details of the procedure are
given in Refs 11 and 13—16. An appealing feature of this
method is that it requires only the computation of the
critical points of the PES, namely some local minima and
saddle points; this computation, however, must be made
accurately, as Gilbert and Smith** have strongly emphas-
ized. Nowadays this is possible for small- and medium-
sized molecules for instance through the Gaussian-1
(G1) and Gaussian—2 (G2) methods developed by Pople
and co-workers.'""'®

DETAILS OF THE AB INITIO COMPUTATIONS
As we stated in the Introduction, we employ the G1 and

H
1.078
1.214

P—--——- H———C—~-H
1.639 \_\
103.3
H
PcH (%A, )
H
1.406 H,
.-_122.6 108.3 / ,H
™ R
P——— .

1.815 ‘\\;\\1.093
108.8
H

HPCH3* (3a")

H
122.2 ///
Z_
!
—_—I
1.613 \\i.1oo
H

PCH,*(1a,)

P

G2 methods'™'® for the computation of the important
points of the PES, but introducing a few minor
modifications. It should be recalled that the G1 and G2
methods are based on the approximate separability of
several contributions to the electronic energy that can be
written as corrections to the energy of a basic level of
computation. Geometries have been optimized at several
levels of computation, but we have normally made use
of those computed at the MP2(full)/6-31G™ level
(second-order Mpgller—Plesset’ theory with the 6-
31G™ basis set, including all electrons in the correla-
tion computation) in order to carry out the computation
of the electronic energy with correlated methods.
However, some minima and saddle points have been
located with other methods such as multiconfiguration
Hartree—Fock (MCSCF) within the complete active
space formulation (CASSCF) [21], and quadratic
configuration interaction,” which we consider more
reliable where there are significant static correlation
effects. We have normally employed the vibrational
frequencies determined at the MP2(full)/6-31G™ level
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using analytical gradient techniques. For open-shell
species we have computed the AE(+), AE(2df) and A
corrections using spin-projected Mgller—Plesset (MP)
values® instead the un;s)rojected values in the original
G1 and G2 theories."”-"® The computations were made
with the Gaussian—90 program package,* except for the
MCSCF computations, which were carried out with the
GAMESS program.

RESULTS AND DISCUSSION

We do not intend here to provide very detailed informa-
tion about the lowest PES of the (PCH,)* system; we
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only made accurate computations on the minima and
saddle points which are likely to be involved the the
dynamics of the reaction of P+ with water. In any case,
all details of our computations are available upon
request.

There are two relevant minima in the lowest triplet
PES. PCH,*(*A,) can be considered basically as
ion—-molecule complex formed by P* and methane;
however, there is an incipient but relatively strong
P—H bond (see Figure 1). It must be pointed out that
the molecular geometry shown in Figure 1 for this
system was obtained at the MCSCF/6-31G™* level,
using a complete active space formulation® with six
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Figure 1. Geometries (A and degrees) of the most relevant minima and saddle points of the potential surface corresponding to the
(PCH,)* system computed at the MP2(full)/6-31G* level, except for PCH,*(*A,) and TSB(H,)('A’) which were located at the
MCSCF/6-3IG* level. Geometrical parameters not shown in the figure are as follows. HPCH,*('A): r(CH,)=1-096,
r(CH,)=1-179, r(CH,)=1-089, <PCH,=115-3, <PCH,=102-3, <HPCH,=75-2, <HPCH,=-37-1, <HPCH,=190-7.
HPCH,*(A”): r(PH) = 1-406, r(CH,)=1-094, r(CH)=1-093, <HPCH = 180, <HPCH, =60-6. TS(H,)(*A"): r(CH,)=1-092,
<PCH,H, = 105-8, H,H,C = 56-0. TSA (H,)('A"): r(CH,) = 1-096, <CH,H, =65-2, <PCH,H, = 116-4. TS(H)('A). r(CH,) = 1-15*4,
<HPCH, = 10.8, <PCH,H,=180-7, <PCH,=125.8, <PCH,=118-1, <H,PCH,=99-1. TSB(H,)('A’) (MCSCF/6-31G™):
<H,PCH, = 180, <HPCH, , = £25-9



422 J.R.FLORES

electrons for five orbitals. However, the G1 and G2
computations were made using the MP2(full)/ 6-31G™

geometry, for coherence with of the rest of the species.
The main difference between the two geometries is that
the latter has a PHC bond angle of 107° rather than
180°, owing to the inability of the Mpgller—Plesset
method to deal correctly with orbital near-degeneracy
effects. Variation of the PHC angle, however, does not
produce a significant change in the electronic energy
energy, but it is important for the kind of dynamic
calculation we pursue because of its effect on the
rotational constant. The lowest three vibrational fre-
quencies used in the dynamlc computations were taken
from the MCSCF/6 31G™* computation. Basis set
superposition effects® are not important because of the
relatively large basis sets employed in the G1 and G2
methods; besides, the P—H bond is so strong that the
mere definition of superposition error is unclear.

The other important minimum on the triplet PES is
HPCH,*(°A"), which has a single P—C bond and lies
46-6 kcal/mol ! (1 kcal = 4-184 kJ) below the ground
state reactants (see Table 1). The collision complex
PCH,*(*A,) may isomerize into HPCH,* (*A") via the
transition state TS(H)(®*A”), which is a saddle point on
the PES of the A" electronic state.

We studied two minima on the PES corresponding to
the lowest singlet electronic state: HPCH,* (‘A) that has
a single P—C bond, and H,PCH,*('A,), of C,, sym-
metry, that has a double P—C bond. Both are
connected by the transition state TS(H)('A).
HPCH,*(*A) is 23-9 kcal mol ™! lower than the corre-
sponding triplet species HPCH,* (*A"); H,PCH,*('A))
is the most stable species of the (PCH,)"* system.

PCH,*(*4,) can be considered as the collision com-
plex, it can dissociate directly into PCH,*(°A,) through
TS(HZ)(3A") dissociate back into the reactants or
isomerize into HPCH, * (*A") through TS(H)(*A"); in the

last process an intersystem crossing process (ISC) may
take place, gwmg HPCH,*('A). HPCH,* (*A”) may also
produce PCH,* (°A,) through TS(H, )(3A”) or isomerize
back into PCHA*(3A2) The saddle points TS(H,)(PA")
and TS(H)(A") lie just —5-2 and -8-6 kcal mol !,
respectively, below the reactants (see Table 1).

According to our computations HPCH,* ('A) will not
dissociate directly into PCH,* (*A,), because the corre-
sponding saddle point TSA(H,)('A’) appears to be
higher in energy than the reactants and TS(H)('A) [i.e.
the transition state for isomerization into the most stable
species HPCH,*('A,)] is much lower in energy. The
latter species may produce PCH,*(*A,) through the
other transition state for hydrogen elimination on the
singlet PES, TSB(H,)(*A’), that lies —40-2 kcal mol ™
below the reactants. Given that TS(H)('A) and
TSB(H,)('A’) are so low in energy, the process
HPCH,*('A) ->PCH,*('A,) + H, is very fast, as we
have checked by dynamic computations. In other words,
intersystem crossing should end up, according to our
results, in a quick dissociation into to the products in
their singlet state.

It must be noted again that several transition states
appear to be close in energy to the reactants. This may
raise doubts about the reliability of our computations. It
has been suggested that the transmon states should be
located at the QCISD/6-311G™" level as the best one-
determinant based method, the HF and MP2 levels may
often be insufficient if the standard degree of accuracy
of the G1 and G2 methods is sought.” For this reason,
we relocated the saddle points TS(H,)(CA") TS(H)(PA")
and TS(H,)('A’) at other levels of com ’Putatlon, namely
MCSCF/6 31G, MP2(full)/6— 31G MP2(full)/
6-311G™ and QCISD/6 311G™, but it tumed out
that the relatively small variation of the geometry does
not produce a change in the electronic energy greater
than the expected accuracy of G1 and G2 computations.

Table 1. G1 and G2 electronic energies (in hartree, without zero-point vibrational energies
(ZPVE)], ZPVE (in kcal mol ') and relative energies (in kcal mol ~') with respect to ground-
state P* + CH,*

Species Gl G2 ZPVE AG1 AG2
P*(’P)+CH,('A)) —380-88744 —-380-88994 291 0-0 0-0
PH *(*II) + CH, (2A ) -380-83490 -380-83811 22.8 226 26-2
PCH, *(SA”)+H (Z ) —-380-88938 —-380-89188 21-7 -8.7 -8.7
PCHZ"( AD+Hy,('Z *) —380-94435 —-380-89188 20-6 -44.2 -43-9
PCH{'( Aj) -380-93431 -380-93548 28-9 -29-6 -28-8
HPCH, (’A”) -380-95984 —-380-96309 28-4 -46-1 -46-6
HPCH,* (! A) ~380-99755 —381-00033 279 -70-3 -70-4

2PCH2*( A) -381-01841 -381.-02077 276 -83.7 -83-6
TS(Hz)(JA") —-380-88816 —-380-89060 24-3 -53 -52
TS(H)(A™) -380-89538 —-380-89811 256 -85 -86
TSAH,)('A") -380-87462 ~380-87689 25-8 4.7 4-9
TSH)('A) -380-97695 -380-97901 26-6 -58-4 -58-4
TSB(H,)('A’) -380-94530 —380-94716 24-8 ~40-6 -40-2

'MP2(fu11)/6—3lG* geometries were used in all cases.
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Schemes 1 and 2 illustrate the reaction paths we have
proposed.

Note that the triplet—singlet conversion (ISC) may
take place either during the PCH,* (°A,)=HPCH,* (°A")
isomerization process or after HPCH,* (*A") is formed .
While the lowest singlet state is 35 kcal mol ™! hgﬁgher in
energy than PCH,* (A,) at the MP4/6-311G™™ level,
it lies clearly below TS(H)(®*A"), i.e. the PES corre-
sponding to the lowest singlet and triplet electronic
states cross at some point along the reaction coordinate.
This situation may trigger a non-adiabatic process (ISC)
resulting in HPCH,*('A), through spin—orbit coupling
between the singlet and triplet electronic states. The
HPCH,*(*A")=HPCH,*(*A) transition may be
prompted by the wide energy gap between the two
species (23-8 kcal mol ™!), and by the fact that, accord-
ing to our dynamic computations, the triplet state would
be relatively long-lived, its average lifetime at 300 K
being 1300 ps.

Unfortunately, a reliable computation of the rate
coefficients for ISC in a complex molecule is a very
difficult task,’ and is at present beyond our capabilities.
However, we shall try to show that by combining our
theoretical results with the experimental results, one
may draw some conclusions about the role of inter-
system crossing which, although only tentative, still
help in understanding the dynamics of this reaction.

As we have stated above, whenever HPCH,* (*4) is
formed, fast isomerization into H,PCH,"('A,) will
follow; this species will immediately dissociate into the
products in their singlet state. This implies that the
reaction dynamics are controlled by the collision step
(k.), the dissociation into the reactants (k) and pro-
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ducts (kqg,), the PCH,*(’A,)=HPCH,*(*A") iso-
merization (krs,, k_1s,), dissociation of HPCH,* (CA")
into products (k,) and the intersystem crossing [kisc (),
and kigc].

The collision step was studied by means of an approxi-
mate classical trajectory method that incorporates
contributions  from  ion-induced dipole and
ion—quadrupole interactions that account for the long-
range potential, and also ‘chemical’ interactions through a
Morse potential obtained by fitting an ab initio energy
profile obtained at the PMP2/6—311G(2df, p) level (spin
projected second-order Mgller—Plesset?*). It must be noted
that this approach gives a capture rate for 300 K h1§her
than the value reported by Smith et al.* (k,=1-15 cm
molecule '), due almost entirely to the lack of
ion—quadrupole interactions in the latter computation.

An important question should be raised when one
includes the capture step in a dynamic scheme such as
that shown in Scheme 1, namely whether &, should be
corrected for the fraction of attractive PES that is nearly
degenerate at large separations of the reactants. 1012 15/
6-311G™* computations® (a configuration interaction
method including single substitutions of the reference
determinant) on the geometry of PCH,*(°A,) indicate
that the two lowest excited triplet states lie
28-5 kcal mol ™! above the reactants, even though they
have virtually the same energy as the ground state for
r(PH)>5 A. One is tempted to correct k with a factor
f=1/3, but then the upper limit for the total rate
constant would be k;, = k./3. Given that k_ is computed
fairly accurately,’” and our value for 300K is
1-29 cm® s~ molecule ™, the resuiting upper limit is
inconsistent ~ with  the  experimental  results
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Scheme 1. Possible reaction paths for the reaction of P* with methane
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Scheme 2. Energy diagram for the reaction of P* with methane. Energies in kcal mol -

[hyim=9-4x 107" (Ref. 3) or 9:6x10°"cm’s™
molecule ! (Ref. 4)]. We may conclude that the system
is probably complex enough that relaxation into the
electronic ground state is fast, although we must also
admit that we cannot be sure the relaxation is complete.
Computation of k, presents several difficulties. First,
there is no saddle point for this process; in order to
determine the transition state we used variational
transition-state theory in its canonical form;'>? this was
done for each temperature that we selected in the
present study. Another difficulty is the treatment of two
internal degrees of freedom corresponding to the motion
of the CH, group about the P—C axis; for low values of
r(PH) the potential is still deep and these motions
behave like vibrations, and when the P-—H distance
increases they behave more like rotations. In order to

deal with the changing nature of these internal degrees
of freedom, we employed a sinusoidally hindered rotor
model, including also steric interactions through a hard
sphere model, as proposed by Schmidt and Gilbert and
co-workers (see Refs 15 and 16 for details), in a com-
putation that explicitly conserves angular momentum.
The variationally determined transition states lie very
close to r(PH)=4-8 A for all temperatures except the
very low ones, where it moves up to r(PH)=5-1 A.
Another difficulty, which we did not confront in the
present study, is the inclusion of quantum states corre-
sponding to the two electronic excited states that
become nearly degenerate to the ground state for high
r(PH). It must be noted, however, that the location of
the corresponding PES combined with the results of the
variational determination of the transition states suggest
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that inclusion of the quantum states coming from the
excited electronic states would reduce the r(PH) dis-
tance of the transition state, but the k4 values should not
increase significantly. .

Table 2 presents some of the results of our computa-
tions. The third column contains the results obtained
without taking into account ISC [kic(, =0, kiscpy =01
The value for 300 K is clearly lower than the experi-
mental values. Given that (i) the computation of
TS(H)(PA”) and TS(H,)(PA") can be considered
accurate and (ii) the k, values could be slightly lower
than the exact values, we consider this difference
between the computed and experimental results to be
significant, clearly suggesting-that ISC may indeed play
arole in this reaction.

This result was not unexpected, as we had already
concluded that the most important reaction intermediate
in the reaction of P* with water is HPOH*(*A’), which
is produced from the collision complex via ISC.?

In order to gain more insight, we propose two simple
models to deal with ISC in this case.

(a) We have defined a combined isomerization and
ISC microscopic rate coefficient for PCH,*(’A,) as
(1 = P)kysy(E) + Physc 1y (E) with ko) (B) = Ekrg, (E),
where & is constant and P represents the probability of
ISC relative to the adiabatic isomerization process. An

Table 2. Computed rate coefficients for the complete reaction,
k., and the capture step, k., in units of cm’® s~'s molecule ™,
for the two models employed (see text)”

kyi % 10°
T/K k. x 10° kiscan =0 kscay=0  kiscay =107
40 1-65 1-61 1-63 1-63
60 1-55 1-48 1-52 1-52
80 1-49 1-40 1-45 1-45
100 1-44 1-15 1-30 1-30
120 1-40 1-04 1-24 1.24
140 1-38 1-00 1-19 1-38
160 1-36 0-93 1-12 1-13
180 1-34 0-88 1-09 1-09
200 1-33 0-85 1-05 1-06
220 1-32 0-82 1-03 1-03
240 131 0-79 1-00 1.01
260 1-31 0-77 0-98 0-99
280 1-30 0-74 0-97 0-98
300 1-29 0-72 0-96 0-96
340 1-29 0-69 0-93 0-93
420 1.27 0-64 0-88 0-88
580 1-25 0-58 0-81 0-81
800 1.22 0-52 0-74 0-73
1000 1-19 0-49 0-68 0-67

*For the capture model we employed a=2-567x 10"%* cm® and
Q.=0,,=0Q,,=-841DD A for CH,. Details of the computations,
such as vibrational frequencies, are available from the author on
request.

alternative way of writing the former expression is
(1 + a)kys,(E); for simplicity we consider a to be
independent of E, it is just a parameter that we select for
coincidence between the computed and experimental
kyim (300 K) values. In this model ke, =0, i.e. the rate
constant for the ISC process HPCH,*(’A")
—>HPCH,* (*A) is set to zero.

(b) We use the same model but this time we take
kiscy = 10" s™'. We found that for kisc(,>10"s™" and
a =0, the computed rate constant reaches a limit
kym(300K)=9-1x 10" cm’®s™"  molecule™!, still
lower than the experimental result. Now we also vary a
until we find agreement between the computed and
experimental values of k., (300 K).

The computed values of k,;, are given in Table 2.
Both models produce basically the same rate constants
and very similar average lifetimes for PCH,* (*A,), not
only at 300 K (as it must be according to the definition
of the models) but for the whole range of temperatures.
kv increases only slightly with decrease in temperature,
because of both the increase in the capture rate and the
decrease in k,;(E), which is much faster than in the case
of the other rate coefficients of PCH,* (*A,); both effects
are not unexpected.'* The difference between the capture
and total rates increases with increase in temperature; it
is clear that for low temperatures the reaction dynamics
are fully determined by the capture step.

It must be pointed out that the average lifetime of
PCH,*(*A,) ranges from 16ps at 40K to 5ps at
1000 K, hardly depending on the model employed.
However, the lifetime of HPCH,* (PA") is extremely
sensitive to the values of k¢, and can range from
1300 ps  for k=0 to just about 1ps for
kiscy=10"2 s7! (300 K); in other words, in the absence
of the second ISC process, this species should be
relatively long-lived, as we pointed out above.

CONCLUSIONS

We have carried out a theoretical study of the reaction of
P* with methane, by means of an approach that
combines an approximate classical trajectory method and
RRKM theory. In order to apply it, we computed the
most important minima and saddle points on the PES
corresponding to the lowest, lying singlet and triplet
electronic states at the G1 and G2 levels of theory.

The experimental value of the rate coefficient, that
was obtained at 300 K, could not be explained without
assuming that intersystem crossing takes place. This
hypothesis is supported by our experience with the
reaction of P* with water.

Our computations also suggest that whenever the
singlet state is generated it will very quickly dissociate
into the products.

We have presented computed values of ky, for a wide
range of temperatures, ranging from 40 to 1000 K.
There is only a moderate increase in reaction rate with
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de

crease in temperature, which is prompted by the

increase in the capture rate and by other dynamic
effects.
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