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Pathways for H2 Elimination from Ethylene: A Theoretical Study
Abstract

Ab initio quantum chemical methods are applied to the study of ethylene decomposition to acetylene and
molecular hydrogen in the ground electronic state. Results are reported on three different pathways for
ethylene decomposition—two stepwise processes involving a hydrogen transfer followed by 1,1 elimination
of H2, or vice versa, and a 1,2 elimination. The latter proceeds through an energy maximum with two
imaginary frequencies, rather than one as for conventional transition states. Ethylidene and vinylidene are
predicted to be stationary points on the C2H4 and C2H2potential energy surfaces, respectively. Recent
photochemical studies have observed rotationally hot H2. It is shown that due to the excess energy available in
the photochemical experiments, all three mechanisms can give rise to rotationally hot H2 when proper
account is taken of the transverse vibrational modes along the reaction paths.
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Ab initio quantum chemical methods are ·applied to the study of ethylene decomposition to
a7etylene and molecular hydrogen in the ground electronic state. Results are reported on three
different pathways for ethylene decomposition-two stepwise processes involving a hydrogen
transfer followed by 1,1 elimination of H 2 , orpvice versa, and a 1,2 elimination. The latter
proceeds through an energy maximum with two imaginary frequencies, rather than one as for
conventional transition states. Ethylidene and vinylidene are predicted to be stationary points on
the ~H4 and ~H2 potential energy surfaces, respectively. Recent photochemical studies have
obser:ed rotati~nally hot H 2. It is show~ that due to the excess energy available in the photochenncal expenments, all three mechamsms can give rise to rotationally hot. H 2 when proper
account is taken of the transverse vibrational modes along the reaction paths. ·

I. INTRODUCTION

The H 2 elimination from ethylene is the prototypical
reaction for alkyne formation. It has therefore been the
subject of many experimental studies, the most recent being photodissociation studies by Lee and co-workers 1 who
suggest both vinylidene and ethylidene as possible intermediates based on deuterium labeling. The exiting H 2 is rotationally hot, suggesting an asymmetric transition state:
Surprisingly few theoretical studies have addressed the
nature of the potential energy surface (PES) of ethylene.
Evleth and Sevin2 present a qualitative study of the two
pathways involving vinylidene and ethylidene as intermediates, for which Raghavachari ~t a/. 3 predict overall barriers of 93.4 and 109.3 kcaVmol. The latter study also
predicts a 125.5 kcaVmol barrier for the 1,2 elimination
through a "second order transition state (TS)," i.e., a stationary point on the PES with two imaginary frequencies;
No attempts to locate a true TS for 1,2 elimination were
reported. In their most recent experimental paper, l(c) Lee
et al. refer to unpublished energy differences obtained by
Yoshimine, but few details about the surface were reported.
Therefore, the main focus of the present work is to
obtain a reasonable picture of those parts of the C2H 4 PES
which lead to acetylene, thereby gaining some insight into
the associated dynamics, especially with regard to the rotational.motion of the H 2 product.
II. COMPUTATIONAL METHODS

Molecular geometries were calculated at the restricted
Hartree-Fdck (RHF) arid second order Medler-Plesset
perturbation (MP2) level4 of theory using the 6-31G(d)[6•>Present address: Cherry L. Emerson Center for Scientific Com~~ting
and Department of Chemistry, 1515 Pierce Drive, Emory University,
Atlanta, GA 30322. ·

31G*] and 6-31G(d,p) (Ref. 5) [6-31G**] basis sets, respectively. The nature of all stationary points were verified
by calculating the eigenvalues of the matrix of energysecond derivatives (Hessian). Stationary points with n
negative eigenvalues can follow n downhill directions that
lead to lower-energy structures, so that minima and TSs
have 0 and 1 negative eigenvalues, respectively. Upon conversion to frequencies, the (unsealed) eigenvalues are used
to calculate zero point vibrational energies (ZPEs) using
the harmonic oscillator-rigid rotor approximation. The
RHF and MP2 .Hessians are calculated analytically and
numerically, respectively. Higher level [MP4/6-311
. +G(d,p)] energy corrections6•7 are evaluated at the MP2
geometries; All RHF calculations' were performed with the
GAMESS 8 program, whereas the MP2 and MP4 calculations were done \lSing GAUSSIAN88. 9
The reaction paths leading to H 2 eliminations were
explored at the RHF/6-31G* level of theory, by tracing
the intrinsic reaction coordinate (IRC) using the RungeKutta fourth order integration method as implemented in
GAMESS. 10
111: RESULTS AND DISCUSSION

A. General comments

. Key geometric parameters [calculated using MP2/631G** (bold) and RHF/6-31G*] of all stationary points
are displayed in Fig. 1. The MP2 geometries are within
0.012 A and 0.4° of experimental values (italics) for ethylene and acetylene, whereas ·RHF underestimates bond
lengths by as much as 0.017 A (for the C=C bond length
in ethylene). We expect similar accuracies relative to experiment for the remaining geometries.
Table I lists the absolute and relative energies of the
stationary points in Fig. 1, and the best values for the
elimination pathways are used in schematic representations
in Figs. 2(a), 2(b) and 3. Experimental enthalpies at 0 K
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FIG. 2. A schematic representation of the potential energy surfaces of
two of the three pathways for ethylene decomposition discussed in the
text. The values given are relative enthalpies at 0 K calculated at the
MP4/6-311 + G**I /MP2/6-31G** level of theory.

of HCCH + H 2 and H 2CC: + H 2 relative to ethylene are
41.7 and 87.5 kcal/mol, Hal respectively, which compare
reasonably well with our best calculated values 37.0 and
the ethylene--ethylidene TS is lower than that of ethyli81.0 kcal/mol.
dene. They therefore concluded that ethylidene does not
Table I also lists the nature of the PES at each stationexist as a true intermediate. However, when correlation is
ary point and it is important to note that although there
included in the geometry optimization, ethylidene is preare some structural differences between the RHF and MP2 ·
dicted to be a true intermediate (local minimum), albeit
structures (see below), the nature of the stationary points
separated from decomposition to ethylidene by a small (0.8
is not altered on going to a higher level of theory. Since the
kcal/mol) barrier.
aim of this paper is to elucidate qualitative pictures of the
The ethylidene intermediate is separated from the acetmechanisms, the less-expensive RHF/6~3iG* IRCs are
. ylene + H 2 products by a 35.3 kcal/mol barrier involving a
used toward that end.
Cs transition state for 1,1 elimination (6). Although the
HH bond is essentially formed by the tinie the TS is
B. The ethylidene pathway
reached, based on the HH distance, the HCCH unit is
significantly distorted from the final acetylene geometry.
The MP4/6-311+G(d,p)//MP2/6-31G(d,p) potenAs a result, the TS is 72.5 kcal/mol higher in energy thim
tial energy profile for H 2 elimination in which ethylidene is
an intermediate is displayed in Fig. 2(a). Ethylidene (4) is
HCCH+H2 • 'fhus the overall barrier height for this pathway is 109.5 kcal/mol. MP2/6-31G** [without ZPE cora local minimum on the ethylen~ PES, 74.2 kcal/mol
rections (Table I)] predicts an overall classical barrier
higher in energy than ethylene. One CH bond, on the methyl group is approximately perpendicular to the C.:..C
height of 124.5 kcal/mol, which is in good agreement with
bond. On going to a correlated wave function, the stability
the RHF/6-31G* value of 129.7 kcal/triol. It appears that
the two TSs discussed so far ( 5 and 6) are well represented
is decreased by 14 kcal/mol relative to RHF, and the angle
by RHF, but that ethylidene is 'not.
that the eclipsing methyl CH bond makes with the carbene
carbon increases. As one would expect from the Hammond
As noted in, the Introduction, Lee and co-workers 1 ob11
postulate, the MP2 TS for 1,2 hydrogen transfer (5) to
served that the exiting H 2 is rotationally hot. To undergive ethylidene is late (i.e., more ethylidene-like) relative
stand more about this feature of the mechanism, intrinsic
to the RHF structure, although both methods predict that
reaction coordinates (IRCs) 10 were traced, at the RHF
the hydrogen transfers along the top of the 1T bond.
level of theory, starting from the CH3CH--HCCH+H2
Using MP4/6-31G** energies at RHF/6-31G* geomsaddle point. Molecular structures along the IRC are
etries, Raghavachari eta!. J(b) reported that the energy of. shown in Fig. 3. Since the normal mode of the imaginary
J. Chern. Phys., Vol. 100, No. 3, 1 February 1994
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FIG. 3. Structures along the RHF/6-31G* IRC leading from ethylidene
to acetylene and hydrogen, with their reaction coordinate values (s in
bohr amu 112 ) given below. At the TS structure (6, s=O.OO), the normal
mode associated with the imaginary frequency (1710i cm- 1) is drawn.
All structures have C, symmetry.

frequency has a' symmetry (Fig. 3, s=O.OO), the reaction
path retains Cs symmetry. The exiting hydrogens are not in
the symmetry plane, so. the Cs constraint prevents them
from rotating around an axis parallel to the HCCH plane.
Since the IRC is defined as the minimum energy path
(MEP), inifinite friction is applied to remove all excess
kinetic energy (KE) as the system moves downhill. So, no
actual rotation using excess kinetic energy is allowed.
Nonetheless, one can infer potential rotational motions by
examining structures and transverse vibrations along the
IRC. For this path, one indication of possible rotational
motion of the exiting Hz is the lowest (599.7 cm- 1 at the
RHF level) real mode at the TS (top structure in Fig. 4).
This a" mode is mostly Hz rotation, and it is likely to be
significantly populated since it is the lowest-lying vibrational mode. So it is possible that some of the excess KE is
removed by the rotational motion of the leaving hydrogen
molecule. As the reaction proceeds, this mode becomes one
of the rotational degrees of freedom of the Hz molecule,
and the associated frequency drops sharply as shown in
Fig. 4. tz Due to the different symmetry of the reaction path
(a') and the mode (a"), the energy released from the
reaction itself cannot contribute to the rotational motion of
Hz through that mode (within the rigid rotor-harmonic
oscillator approximation employed in this study).
It is possible that the energy released as the reaction
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FIG. 4. A plot of energy. vs reaction coordinate [(dark squares) lefty
axis] of the IRC shown in Fig. 3, and the associated a" frequency along
the IRC [(open squares) righty axis]. Also shown are plots of the normal
mode associated with each frequency.

proceeds can be transferred into transverse normal modes
of the same symmetry, i.e., the reaction coordinate (s) and
an a' mode (k) can couple. To investigate this possibility,
the s,k coupling constants -Bs,k (Ref. 13) were calculated at
the points shown in Fig. 4. No appreciable coupling was
found between the reaction coordinate and any of the normal modes. The reaction path curvature (K), given by 13
3N-7.
K= (

Lk

2

Bsk
'

)1/2

'

peaks at 0.32 just off the TS (s=0.04). Thus, the majority
of the energy released from the reaction coordinate is apparently converted to H 2-translational energy.
C. The vinylidene pathway

The MP4/6-311+G(d,p)//MP2/6-31G(d,p) pathway for H 2 elimination involving vinylidene as an intermediate is displayed in Fig. 2(b). Vinylidene +Hi lies 81
kcaVmol higher in energy than ethylene. It is formed from
ethylene by a 1,1 elimination via a planar TS [7; the RHF
normal mode is shown in Fig. 5 (s=O.OO)]. The TS is very
distorted from C2v symmetry, a path that is symmetry forbidden, and, as for 6, the HH bond is essentially formed at
the saddle point structure. The distortion from C2v symmetry is more pronounced for the MP2/6-31G** TS than
for the RHF/6-31G* structure. The correlated TS structure is again further into the product channel. The barrier
to hydrogen elimination is 93.8 kcaVmol. Since this first
Hrelimination step has the highest barrier along the path
shown in Fig. 2(b), this barrier also corresponds to the net
energy requirement for this path. MP2 and RHF predict
net activation energies of 102.5 and 109.2 kcaVmol, respectively.
As was the case with the ethylidene pathway, the vinylidene reaction path has a' symmetry, and the corresponding IRC (Fig. 5) does not reveal any rotational motion of H 2 until the associated vibrational modes are
considered (Fig. 6). In this case, the lowest (a") vibrational mode is almost pure H 2 rotation at the onset of

FIG. 5. Structures along the RHF/6-31G* IRC leading from ethylene to
vinylidene and hydrogen, with their reaction coordinate values (s in
bohr amu 112 ) given below. At the TS structure (7, s=O.OO) the normal
mode associated with the imaginary frequency (1185i cm- 1) is drawn.
All structures have C, symmetry.

product formation·and remains virtually unchanged as the
reaction proceeds, though the magnitude of the associated
frequency drops. Again, it is likely that ·excess energy is
disposed of through H 2 rotation. As for the ethylidene
case, the reaction coordinate and the Hrrotational normal
mode are of different symmetries and energy released from
the reaction can thus not be transferred to the latter
(within the rigid rotor-harmonic oscillator approxima-
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FIG. 6. A plot of energy vs reaction coordinate [(dark squares) lefty
axis] of the IRC shown in Fig. 7, and the associated a" frequency along
the.IRC [(opensquares) righty axis]. Also shown are plots of the normal
mode associated with each frequency.
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FIG. 7. A plot of the normal mode associated with the a' frequency
shown to be strongly coupled with the reaction coordinate at s=0.06 [(a)
1911 cm- 1], but not at s=0.50 [(b) 1806 cm- 1].

tion). However, the vinylidene mechanism differs from the
ethylidene mechanism in that around the TS, there is some
coupling( Bs,k= 1.45; K= 1.53) between the reaction coordinate and an a' mode [Fig. 7(a)]. As can be seen from
Fig. 7(a), this mode has some (in-plane) H 2 rotational
character as well as aslight C=C stretch character; As the
reaction proceeds, this mode becomes predominantly
C=C stretch [Fig. 7(b)] and all H 2 rotational character is
lost. In addition, Bs,k decreases to 0.01. Nevertheless, it
appears that early in. the reaction some of the reaction
energy released can contribute to H 2 rotational motion.
The predicted barrier for vinylidene isomerization is
roughly the same as that for ethylidene (0.9 kcaVmol),
indicating an extremely short lifetime for vinylidene.
Schaefer and co-workers 14 have estimated this barrier to be
-3 kcaVmol using larger basis sets and coupled cluster
energies (CCSDT-1), indicating that vinylidene indeed is a
stable intermediate.
D. The 1,2 H2 elimination

Raghavachari eta!. J(b) reported an RHF Cs structure
with two imaginary frequencies as a possible stationary
point in the 1,2-elimination pathway (9). Figure 8 shows
the normal modes associated with the two imaginary frequencies calculated at the RHF/6-310* level of theory. At
the MP2 level of theory, the structure remains a second
order TS. Since no attempts to further explore the 1,2elimination region of the PES (e.g., to find a C 1 TS) have
been reported to our knowledge, the RHF/6-310* surface
around 9 was explored in the following fashion: An IRC
was traced starting from 9, by displacing the geometry
a

b

~~
4t_.~~

/.. .,

u

~

a'

a"

FIG. 8. A plot of the normal modes associated with the two imaginary
frequencies [(a) 1750i cm- 1, a'; (b) 1184i cm- 1,a"] of 9, calculated at
the RHF/6-31G* level of theory.

a

y

2.0

b

r(A)

}--x

2.5

c

z

FIG. 9. (a) A schematic representation of a constrained section of the
potential energy surface corresponding to the last pathway for ethylene
decomposition discussed in the text. The values given are relative enthalpies at 0 K calculated at the MP4/6-311+G**//MP2/6-31G** level of
theory. (b) A plot of the twist potential generated from the C, IRC. The
units are kcal/mol, Angstroms, and degrees for the energy, distance (r),
and angle, respectively. The contours increment by 10 kcaVmol and
rangdrom 0 (r=O, cfo=O) to 220 (r=O, ¢=90) kcaVmol. Selected contours aie labeled. (c) Definitions of the orientation and parameters associated with the construction of the· twist potentials are discussed in the
text.

along the a' imaginary frequency, in the direction of both
ethylene arid acetylene+H2 • Thus the reaction path, displayed qualitatively in Fig. 9(a) is Cs throughout: The
barrier at this level of theory is 151.8 kcaVmol {125.3 at
the highest computational level [Fig. 9(a)]}.
The distance between the bond midpoint of the exiting
H 2 and that of the two carbon atoms {r [cf. Fig.. 9 (c)]} was
chosen as a suitable reaction coordinate and monitored
along the IRC. Nineteen points along the IRC, corresponding to r increments of -0.10 A in the range r=0.92.5 and 0.20 A for r=2.5-2.9, were chosen. For each such
point: along the IRC, a twist potential was generated by
rotating the two exiting hydrogens out of the molecular
plane in 10" increments around an axis parallel to they axis
[see Fig. 9(c) for axis definitions] and passing through the
HH bond midpoint. The PES thus generated is displayed
in Fig. 9(b), while Fig. 9(a) corresponds to the ¢=0"
path. Not surprisingly, the energy dependence on the rotation angle cp decreases considerably as r is increased, and
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0.797

FIG. 10. MP2/6-31G** (bold) and RHF/6-31G* optimized geometry of
structure 10 (bond lengths are in Angstroms and angles in degrees). The
RHF normal modes associated with the a' imaginary frequency (l466i
cm··l) are also shown.

at small values of r (r< 1.25 A.), the energy increases as¢>
approaches 90•. Note that since the two rotating H's are
both closer to the same C in 9, ¢>=90• produces a structure
that is qualitatively similar to 6. For r= 1.404 A (corresponding to 9), the twist potential becomes a single well,
with a minimum energy of 134 kcaVmol at o/=90". This
may be compared with the RHF/6-31 G* value for 6 of 129
kcaVmol, and an r value of 1. 724 A. A search for a TS was
initiated starting from r= 1.40 A, ¢>=90• and resulted in
the TS (vi= 1466i em -l) shown in Fig. 10. This c. structure is merely an isomer of 6, only 0.9 kcaVmol higher in
energy (2.9 kcaVmol at the highest level of theory). 15
Thus, it seems likely that one of the two imaginary modes
(a') connects ethylene with HCCH and hydrogen,
whereas the other one {a" [see Fig. 8(b)]} leads toward
the ethylidene part of the surface.
The question of H 2 rotation for the 1,2-elimination.
case is rather obvious, since the a" downhill direction (presumably leading toward ethylidene) clearly has strong H 2rotational character [Fig. 8 (b)]. So it appears that an exiting H 2 from the 1,2 elimination initially following the a'
reaction path can break symmetry and pick up transverse
rotational character around the hilltop region of the reaction path. Depending on the amount of transverse rotation
that is picked up, the reaction either proceeds along an
a'-like path (i.e., little a" character), or diverts toward the
ethylidene region. Note that this high energy route is accessible in the photochemical experiments of Lee et aL 1
IV. SUMMARY

Theoretical calculations on three pathways for ethylene decomposition are presented. The structures (Fig. 1)
and energetics (Table I) of stationary points along the
paths were calculated at various levels of theory.
One pathway [Fig. 2(a)] involves the formation of the
ethylidene intermediate (with a very short lifetime) via a
1,2 hydrogen shift, followed by a 2,2 H 2 elimination. The
activation energy and exothermicity for that path are 109.5
and 72.5 kcaVmol, respectively. At the TS, the lowest real
vibrational frequency has some H 2 rotational character, a
feature that increases as the reaction proceeds (Fig. 4),
indicating that excess energy can be removed from the
reaction via H 2 rotation. Because this vibrational mode and
the reaction coordinate (Fig. 3) have different symmetries,

the potential energy released from the reaction coordinate
cannot contribute to H 2 rotation (within the rigid rotorharmonic oscillator approximation).
Another pathway [Fig. 2(b)] involves the formation of
vinylidene through a I, I H 2 elimination from ethylene with
a barrier of 93.8 kcaVmol, which is also the activation
energy. Like ethylidene, vinylidene is predicted to have a
very small isomerization barrier (0.9 kcaVmol) and hence
a very short lifetime. The endothermicity for this path is
56.8 kcaVmol. Though the two breaking C-H bonds which
produce the exiting H 2 are quite different, an IRC (Fig. 5)
does not reveal any H 2-rotational character due to unequal
repulsion of the two H's by the rest of the atoms. However,
two vibrational modes are found that can contribute to H 2
rotation. One, the lowest real vibrational mode has a" symmetry (and is thus uncoupled from the a' reaction path),
and remains virtually pure H 2 rotation throughout the latter part of the reaction (Fig. 6). The other mode is a' (Fig.
7) and shows some coupling to the reaction coordinate
early on in the reaction [Fig. 7(a)] a feature that decreases
quickly as the reaction proceeds [Fig. 7(b)].
A true transition state for the direct 1,2 elimination of
H 2 from ethylene was not found despite an extensive
search. A second order transition state (a stationary point
with two imaginary frequencies) was found. Results from
a partial mapping of the potential energy surface (PES)
surrounding this point (Fig. 9) reveals that one of the
imaginary frequencies leads to the ethylene and acetylene
reactants and products, respectively, whereas the other one
leads to the ethylidene part of the surface. Both paths
clearly lead to substantial HH rotation.
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