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The singlet and triplet potential energy surfaces involved in the gas phase reactive collisions of
O(3P) and C2H5I have been studied withab initio electronic structure computations. The collisions
produce both spin-forbidden HOI1C2H4 and spin-allowed OI1C2H5 products. The calculations
indicate that HOI is formed via a triplet complex and through a triplet/singlet intersystem crossing,
followed by passage through a singlet intermediate and transition state for the intramolecular
abstraction ofb-hydrogen. All the relevant structures for this pathway are lower in energy than the
reactants, and this pathway is accessible even at low impact energies. The calculations also indicate
that OI may be formed by two channels. One is the same to the above singlet pathway up to the
singlet intermediate, which now dissociates endothermically without barrier to give the products.
The second channel is the direct dissociation of the triplet intermediate, and is open only when an
enough excess energy to surmount a triplet transition state is provided. The product energy
distribution is also discussed based on the structures of transition states. ©1998 American
Institute of Physics.@S0021-9606~98!00603-5#
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I. INTRODUCTION

Recently, a number of experiments1–5 have investigated
the reactions of oxygen atoms with alkyl iodides. One of
principal reasons for interest in these systems is that on
the reactions that ensue following the collision of the tw
species is spin forbidden. Specifically, it has been obser
that upon collision the following reaction occurs:

O~3P!1ICnH2n11→HOI1CnH2n ~1!

in which the reaction begins upon a triplet potential ene
surface and produces products in the singlet state. The w
of Leone and co-workers1,3 is concerned primarily with the
formation of these products, and examines the vibratio
energy distribution in the nascent HOI molecules. Their
periments show that the HOI product formed in collisions
O(3P) with alkyl iodides is vibrationally hot; the OH stretc
is significantly excited.

A spin-allowed channel is also observed experimenta
The reaction

O~3P!1ICnH2n11→OI~2P!1CnH2n11 ~2!

is studied by the experiments of Grice and co-workers.2,4,5

Wang et al.2 observe that in the case of oxygen collidin
with ethyl iodide, the HOI product is distributed isotropical
in the center of mass frame when the experiment is p
formed with a low relative translational energy and that
angular distribution becomes more anisotropic, with forwa
and backward peaking, as the collisional energy is increa
They report that the spin-forbidden process competes ef
tively with the spin-allowed chemical reaction. The spi
allowed channel is typically favored over the spin-forbidd
channel. In particular, branching ratios varied from 1.6 to
in favor of OI and CnH2n11 for several systems studied wit
O atoms seeded in helium buffer gas and an energy of
1544 J. Chem. Phys. 108 (4), 22 January 1998 0021-9606/9
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lision of approximately 12 kcal/mol. Those collision expe
ments that are concerned in particular with ethyl iodi
(C2H5I!

2,4 observe an angular distribution for OI produc
which is mildly forward and backward peaked at a low e
ergy of collision and is sharply backward peaked at hig
energies. The relative yield of OI increases as this backw
peak appears. Wanget al.’s interpretation suggests that O
products are formed by two pathways, one of which is op
at low impact energies and the other which opens at hig
energies with a threshold of 8.6 kcal/mol.

In order to elucidate the mechanisms of the compet
reactions in these systems, we have undertaken the inv
gation of the singlet and triplet potential energy surfaces
volved in the reaction of O(3P) with C2H5I by means ofab
initio electronic structure calculations. Ethyl iodide is chos
as it is one of the smallest systems for which the format
of the HOI product is observed to occur.1 After reviewing the
method of computation in Sec. II, we discuss the geome
optimization at the B3LYP level in Sec. III. Section IV
shows the results of high-level single-point calculations
the energy at the optimized geometries. The evaluation of
spin–orbit interaction in the presence of the iodine atom
presented in Sec. V, and Sec. VI provides a discussion of
accuracy of the calculations. Section VII deals with an i
proved optimization of the minimum on the singlet/tripl
seam of crossing. Section VIII presents the final poten
energy profile and the interpretation of the experiments
the O(3P)1C2H5I reaction and conclusions.

II. COMPUTATIONAL METHODS

All minima and transition states on the singlet and trip
potential surfaces of the C2H5I1O system were optimized
using the B3LYP hybrid density functional method6 and the
6-311 G(d,p) basis set, as specified in the G2M method.7 As
8/108(4)/1544/8/$15.00 © 1998 American Institute of Physics
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1545Stevens, Cui, and Morokuma: Gas phase reactions of O(3P)1C2H5I
no 6-311 G(d,p) basis is defined for the iodine atom, a ba
set of valence triple-zeta1d polarization quality8 associated
with the relativistic MEFIT~multi-electron fit! effective core
potential~ECP! of Bergneret al.9 was used. The combine
basis set, called basis set I, should be comparable to 6
G(d,p) for light atoms, and is used throughout the pap
unless mentioned otherwise. TheGAUSSIAN 94package10 was
used to find all optima. Our own program has determined
minimum on the seam of crossing between the singlet
triplet potential energy surfaces~MSX!.11

G2M7 calculations were performed for better energet
at the B3LYP/I optimized geometries. A G2M~RCC,MP2!
calculation was carried out, followed by a more compu
tionally intensive G2M~RCC! calculation. These G2M com
putations implement the zero-point energies~ZPEs! calcu-
lated at the B3LYP/I level. The G2M~RCC,MP2! calculation
entailed an RCCSD~T! ~restricted coupled cluster singles an
doubles with perturbation for triples! calculation of the en-
ergy followed by MP2~Mo” ller–Plessett second order! calcu-
lations to correct for larger basis sets. The lar
~4s4p CGTOs ~contracted Gaussian-type orbitals! 13d f
polarization functions! iodine basis set developed for G
calculations12 with the 6-311G(3d f ,2p) basis set for lighter
atoms~together called basis set II! was used for the basis se
correction: DE(13d f2p)5E(MP2/II)2E(MP2/I). Thus,
one calculates the G2M~RCC,MP2! energy as

G2M~RCC,MP2)5E@RCCSD~T!/I#1DE~13d f2p!

1ZPE~B3LYP/I!1HLC,

where HLC is the higher level correction20.525nb

20.525nb20.19na in mhartree.7 The G2M~RCC! calcula-
tion incorporates various corrections terms at the MP4 le
Specifically, the energy is calculated at the PMP4 level us
basis set I, and additive basis set corrections are determ
with PMP4 calculations with separate computations for
contribution of diffuse functions@a 6-3111G(d,p) basis set,
using diffuse functions for the iodine atom determined
G2 methods,12 to be referred to as basis set III# and for
polarization functions@a 6-311G(2d f ,p) basis, with iodine
G2 polarization functions used, referred to as basis set#.
The scheme also employs a correction provided
RCCSD~T! and an MP2 correction using basis sets I and
The total G2M~RCC! energy is given by

G2M~RCC!5Ebas1DE~1 !1DE~2d f !

1DE~RCC!1D81ZPE~B3LYP/I!1HLC,

where Ebas5E(PMP4/I), DE(1)5E(PMP4/III)2Ebas,
DE(2d f)5E(PMP4/IV)2Ebas, D85E(MP2/II)2E(MP2/
III) 2E(MP2/IV)1E(MP2/I), DE(RCC)5E@RCCSD~T!/I#
2Ebas, HLC55.7 lnb20.19na millihartree.

Corrections for spin–orbit effects arising from the pre
ence of the iodine atom were computed using theGAMESS

package. Section V describes these calculations in more
tail.

Although there are several degenerate electronic state
the O(3P) and O(1D) reactants, as will be found later, th
reaction pathway goes through very nonplanar C1 structures
J. Chem. Phys., Vol. 108,
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and therefore the reaction is expected to proceed on the
est energy potential surface, without any symmetry c
straint. Thus, we will consider only the lowest singlet a
triplet states throughout the paper.

III. THE B3LYP POTENTIAL ENERGY SURFACE

The structures of all the intermediates and transitio
states as well as reactants and products optimized in both
triplet and the singlet manifolds with the B3LYP/I metho
are shown in Fig. 1. Included also in Fig. 1 is the minimu
of seam of crossing between the singlet and the triplet. T
energies of the relevant species are shown in Table I, and
potential energy profile is displayed in Fig. 2 with th
B3LYP/I energies in regular type. All the B3LYP/I energie
~except for the MSX! presented include the zero-point e
ergy ~ZPE! correction calculated at the B3LYP/I level an
are relative to the O(3P) and C2H5I reactants,T-R.

Our computations found minima on both the singlet a
triplet potential energy surfaces, referred to asT-C andS-C,
respectively, with energies of26.4 and215.4 kcal/mol. The
triplet minimum T-C corresponds to van der Waals com
plexes between the reactants, O(3P) and C2H5I. The short
I•••O distance of 2.6 Å indicates a moderate interaction
tween I and O, and the H•••O distance of 2.51 Å also sug
gests some attractive interaction between them. One of
oxygen lone pairs interacts donatively with one of the hyd
gen atoms of CH3 and the iodine lone pair donatively inte
acts with the half-occupiedp orbital of oxygen, as illustrated
in Fig. 3~A!. The singlet minimumS-C is a hypervalent mol-

FIG. 1. B3LYP/I-optimized structures~in Å and deg! of reactants, interme-
diates, and transition states and the minimum of the singlet–triplet sea
crossing for the C2H5I1O system.
No. 4, 22 January 1998
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1546 Stevens, Cui, and Morokuma: Gas phase reactions of O(3P)1C2H5I
TABLE I. B3LYP/I, G2M~RCC,MP2!, and G2M~RCC! energies~in kcal/mol! of B3LYP/I optimized structures, relative to the O(3P)1C2H5I reactants. Some
contributions to the G2M energies are also displayed, as well as energies corrected for spin–orbit effects.

Structure Label ZPE
B3LPY/I

1ZEP
RCCSD~T!/I

1ZPE
E~PMP4/I!

1ZPE
G2M

~RCC,MP2!
G2M
~RCC!

G2M
~RCC/MP2!

1SO

G2M
~RCC!
1SO

O(3P)1C2H5I T-R 41.0 0 0 0 0 0 0 0
Triplet complex T-C 41.5 26.4 2.7 3.9 26.8 26.7 26.8 26.7
Triplet TS T-TS 39.8 12.2 33.0 30.9 24.1 27.1 22.6 25.6
MSX ~triplet! S/T-MSX ••• 21.6a 12.4a 13.1a 0.4a 2.7a 1.0a 2.8a

MSX ~singlet! S/T-MSX ••• 21.6a 8.5a 11.2a 215.9a 213.0a 215.3a 213.0a

Singlet complex S-C 41.9 215.4 23.4 24.0 236.6 231.7 236.1 231.8
Singlet TS S-TS 40.3 214.1 0.4 21.0 230.2 225.6 229.8 225.7
HOI1C2H4 SS-P 39.7 252.3 241.8 242.2 259.6 257.4 260.0 257.8
OI1C2H5 DD-P 37.9 6.2 21.3 22.4 10.3 10.3 7.6 8.0

aEnergies without the inclusion of zero-point energies.
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ecule C2H5IO. The O–I distance of 1.92 Å is even short
than in OI, and the I–C distance of 2.25 Å is only slight
longer than 2.20 Å in C2H5I. One of the iodine lone pairs
forms a donatives bond with the oxygen vacantp orbital,
with one of the oxygen lone pairs interacting donatively w
one of the hydrogen atoms of CH3, as illustrated in Fig. 3~B!.
The IO bond is very ionic, with O2I1 polarization, as is also
illustrated with the Mulliken charges in Fig. 3~B!.

The minimum on the singlet surfaceS-C has been found
to connect directly to the doublet OI and doublet C2H5 prod-
ucts,DD-P, with no intervening reverse barrier. On the tri
let surface, there is a barrier betweenT-C and DD-P; the
transition state for formation of the OI product on the trip
surface,T-TS, appears at an energy of 12.2 kcal/mol, placi
it 18.6 kcal/mol above the minimumT-C and 6.0 kcal/mol
above the productsDD-P. The I–O internuclear separation i
T-TS has decreased to 2.05 Å, much closer to 1.95 Å in
OI product than to 2.64 Å inT-C, and the C–I internuclea
separation of 2.75 Å inT-TS is approximately 24% longe
than in T-C, both pointing to a late transition state for th
formation of OI product.

FIG. 2. The singlet and triplet potential energy profile of the C2H5I1O
system, scaled to the most rigorous G2M~RCC!1SO results. The triplet
surface is represented by dashed lines, and the singlet surface by solid
The G2M~RCC!1SO and B3LYP/I energies~in kcal/mol, including ZPE,
except for the MSX’s! of the optimized structures are in bold and regu
type, respectively.
J. Chem. Phys., Vol. 108,
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On the singlet surface, a five-membered ring transit
stateS-TS has been found to connect the minimumS-C to
the singlet HOI1singlet ethylene products,SS-P. The barrier
lies 1.3 kcal/mol above the minimum and 38.2 kcal/m
above the products. At the transition stateS-TS the C–H and
the C–I bonds to be broken are 10%–14% stretched, w
the O–H bond to be formed is still 60% longer than in t
product, demonstrating a very early nature of a transit
state typical of highly exothermic reactions. This long O–
distance at the singlet transition state will be discussed a
later in connection with the product vibrational excitation.
transition state similar toS-TS has been quoted by Loomi
et al.1 The OI and C2H5 products,DD-P, and the HOI and
C2H4 products,SS-P, are at 6.2 and252.3 kcal/mol, respec-
tively, relative to the reactants. The optimized HO bond d
tance of 0.966 Å for HOI agrees well with the experimen
value of 0.964 Å by Klaasenet al.3

es.

FIG. 3. The electronic structures of triplet and singlet complexes.~A! The
triplet minimumT-C is a van der Waals complex, stabilized by the donat
interaction of lone pair electrons on the iodine atom to a singly occupiep
orbital on the oxygen atom, and the interaction of a lone pair in ap orbital
on oxygen with the hydrogen atom.~B! The singlet minimumS-C is a
hypervalent molecule C2H5IO, stabilized by donation from a lone pair in ap
orbital on iodine to a vacantp orbital on oxygen, and an interaction betwee
a lone pair on oxygen and the hydrogen atom. The Mulliken charges on
CH2, and CH3 groups at the B3LYP/I level are shown.
No. 4, 22 January 1998
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1547Stevens, Cui, and Morokuma: Gas phase reactions of O(3P)1C2H5I
The minimum of the seam of crossing between the tr
let and singlet potential surfaces,S/T-MSX, has been located
between the two minimum structures,T-C and S-C. It lies
energetically~without ZPE! at 21.6 kcal/mol relative to the
reactants, and 5.4 and 14.8 kcal/mol, respectively, above
two minimaT-C andS-C connected by this MSX. There i
no barrier between the MSX and the two minima. The str
ture of this MSX is closer toT-C than toS-C, reflecting the
energetics.

IV. G2M SINGLE POINT ENERGY CALCULATIONS

For better energetics, G2M~RCC,MP2! and more rigor-
ous G2M~RCC! computations were performed at th
B3LYP/I optimized geometries. Table I summarizes the
sults and compares with the B3LYP/I energies. Although
qualitative picture of the potential energy profile remains u
changed upon going from B3LYP/I to small basis coup
cluster and MP4 to G2M methods, the details of the ener
ics change substantially.

For instance the RCCSD~T!/I and MP4/I calculations
place the triplet structureT-C, which was a minimum at the
B3LYP/II level, 2.7 and 3.9 kcal/mol above the C2H5I and
O(3P) reactants. The RCCSD~T!/I and MP4/I relative ener-
gies are about 10 kcal/mol higher for the HOI1C2H4 prod-
ucts than the B3LYP/I results and about 15 kcal/mol hig
for the OI1C2H5 products. However, the G2M~RCC,MP2!
and G2M~RCC! results are much closer to the B3LYP/I r
sults than to the RCCSD~T!/I. With the G2M methods, the
triplet complexT-C is lower than the C2H5I and O(3P) re-
actants. The G2M energies of both HOI1C2H4 and
OI1C2H5 products are similar to the B3LYP/I energies. T
G2M~RCC,MP2! and G2M~RCC! methods, as discussed
Sec. II, start with the RCCSD~T!/I method and add the cor
rection for the basis sets evaluated at the MP2 and M
levels, respectively. In the present system, the corrections
polarization and diffuse basis functions are found to be
most important terms affecting the energetics. Apparen
the B3LYP method with a small basis set seems to reprod
the highly correlated results with a larger basis set.

However, there are several important differences
tween the B3LYP/I and G2M results. For instance, the
ergy of the triplet transition stateT-TS, as well as that of the
triplet products OI1C2H5, is predicted to be higher in th
G2M methods than in the B3LYP/I method. The B3LYP
method seems to be underestimating the barrier height
the forward reaction fromT-C as well as for the revers
reaction from OI1C2H5. The singlet complexS-C, as well
as the singlet transition stateS-TS, is much more stable in
the G2M methods than in the B3LYP/I method. The bindi
energy of the hypervalent intermediateS-C seems to be sub
stantially underestimated by the B3LYP/I method.

V. SPIN–ORBIT CORRECTIONS TO THE ENERGY

Spin–orbit corrections~SO! to the energy have been ca
culated for all structures in Fig. 1 that contain an iodi
atom. The spin–orbit interaction energy was calculated w
complete active space self-consistent field~CASSCF! singlet
J. Chem. Phys., Vol. 108,
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and triplet wave functions as a basis, using the one-elec
effective spin–orbit Hamiltonian implemented in th
GAMESS electronic structure package by Kosekiet al.13 In
these calculations, although the effective nuclear chargeZeff

of Koseki is used for the carbon, hydrogen, and oxygen
oms, the contribution of the heavy iodine atom dominat
The effective nuclear chargeZeff of the iodine atom was
chosen to be 6712, so that a (7e/4o) CASSCF1 the effec-
tive spin–orbit calculation with the basis set I for the iodi
atom reproduced the experimentally found2P3/2–

2P1/2 split-
ting of 21.7 kcal/mol.14 For the MSX, the singlet and triple
minima, and the transition states, we used an (8e/6o) active
space, consisting of the threep orbitals on oxygen, the two
nonbondingp orbitals on iodine and the C–Is* antibonding
orbital. The ethyl iodide reactant calculations use a (4e/3o)
active space consisting of the two iodine nonbondingp or-
bitals and the C–Is* orbital, while the HOI product is
treated with a (6e/5o) active space including the one O an
two I nonbondingp orbitals and the O–Is ands* orbitals.
The (7e/6o) active space for the OI product consists of t
two iodine and two oxygen nonbondingp orbitals and the
O–I s and s* orbitals, where the spin–orbit interactio
splits the2P state to the2P1/2 and 2P3/2 states. The spin–
orbit corrections to the energy obtained in these calculati
are summarized in Table II, and the revised energetic
presented in the final columns of Table I.

The spin–orbit corrections to the energies of the spec
involved in the reaction are in general small. The larg
correction is for the OI product, which is calculated to
22.3 kcal/mol, to be compared with the experimental va
of 23.0 kcal/mol.15 The triplet transition stateT-TS, which
is close in structure to OI1C2H5, has the next largest correc
tion of 21.5 kcal/mol. In other intermediates and transiti
states, the spin–orbit interaction is very much ‘‘quenche
and made negligibly small by delocalization of spin from t
I atom.

The spin–orbit coupling calculation at the MSX is o
particular interest, as it will determine the transition pro
ability from the triplet to the singlet potential energy surfac
The CASSCF calculations gives the spin–orbit coupling
ement between the two states to be 202 cm21 or 0.58 kcal/
mol, a substantial coupling element. Since the singlet
triplet CASSCF energies at the B3LYP/I-determined seam

TABLE II. Shifts in the ground state energies of iodine containing spec
resulting from CASSCF/I spin–orbit coupling calculations.

Structure Label cm21 kcal/mol

I atom 22534 27.2
C2H5I T-R 24 20.0
Triplet complex T-C 21 20.0
Triplet transition state T-TS 2537 21.5
MSX ~triplet! S/T MSX 15 0.0
MSX ~singlet! S/T MSX 215 20.0
Singlet complex S-C 215 20.0
Singlet transition state S-TS 251 20.1
HOI SS-P 2141 20.4
OI DD-P 2805 22.3
No. 4, 22 January 1998
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Downloaded 28
TABLE III. Energies~in kcal/mol, at 0 K! and enthalpies~in kcal/mol, at 298 K and 1 atm, in italic! of various
reactions computed at various levels of theory and compared with experiments.

No. Reaction
B3LYP/I

1ZPE1SO
G2M~RCC,MP2!

1SO
G2M~RCC!

1SO Experimental

3 OI→O1I 42.0 46.8 45.7 53a, 42b

4 HOI→OH1I 36.0 46.3 43.8 56c,d, 43e

5 HOI→OI1H 93.4 101.3 100.01 114d, 94.2–95.2e

6 C2H5I→C2H51I 45.7 54.2 53.5 53.1f

7 C2H5→C2H41H 36.6 33.4 33.1 38.8f

1 C2H5I1O→HOI1C2H4 251.0 258.6 256.7 253, 266
2 C2H5I1O→OI1C2H5 3.9 7.6 8.0 0.1

aReference 16~b!.
bReference 16~e!.
cReference 16~f!.
dReference 16~g!.
eReference 16~c!.
fReference 16~a!.
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crossing are different by 11.9 kcal/mol, the change of
energies of these CASSCF states due to the spin–orbit in
action is only615 cm21, as shown in Table II. The deter
mination of MSX with more reliable energetics will be di
cussed again in Sec. VIII.

VI. BENCHMARK CALCULATIONS ON RELEVANT
MOLECULES

Here we will compare theoretical values with expe
mental values and estimates16 for the energies~or enthalpies!
of reaction~1! and ~2!, as well as various related reaction
that are used to derive the energies of~1! and ~2!. Table III
summarizes the results.

The dissociation energy of OI, reaction~3!, does not
seem to be well established experimentally. Most recen
Radlein et al.16~b! give 5363 kcal/mol ~also estimated by
Ruscic16~c! to be 5065 kcal/mol!. However, Huber and
Herzberg16~d! do not quote this number, but consider an e
lier number of 56 kcal/mol from flame photochemistry to
too high ~too close to the OBr dissociation energy of 5
kcal/mol!. They refer to the value of 42 kcal/mol obtaine
from the extrapolation of vibrational levels.16~e! The
G2M~RCC! value of 46 kcal/mol is in reasonable agreeme
with 46 kcal/mol but is too low by 7 kcal/mol compared
53 kcal/mol. G2 and quadratic CI computations of McGra
and Rowland17 gave 51–52 kcal/mol for this energy. How
ever, we suspect that this number is unreliable, as the us
an ‘‘unrestricted’’ method like G2 would results in a heavi
spin-contaminated wave function. The energy of t
HOI→OH1I reaction, reaction~4!, has two very different
sets of experimental values, 56 kcal/mol of Gelles17~f! and
56.3 kcal/mol estimated by Maguinet al.17~g! vs 43 kcal/mol
estimated by Ruscicet al.17~c! The present G2M~RCC! value
of 44 kcal/mol is closer to and supports the latter result. T
most recent experimental estimate of the O–H dissocia
energy of HOI reaction~5!, 94.2-95.2 kcal/mol by Ruscic
et al.,17~c! is smaller than an earlier estimate of 114 kcal/m
by Maguin et al.17~e! and agrees better with the prese
G2~RCC! value of 100 kcal/mol. The combination of ene
gies of reactions~3!2~4!1~5! should give the dissociation
J. Chem. Phys., Vol. 108,
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energy of OH, to be compared as an internal test with
experimental value of 102.3 kcal/mol.16~b! The use of 43
kcal/mol for ~4! and 95 kcal/mol for~5! with the two values,
53 and 42 kcal/mol, for~1! result in 105 and 94 kcal/mol
respectively, with an error of 3 and28 kcal/mol. One should
note that the bond dissociation energy of OH is well rep
duced by the G2M~RCC! calculation, which gives 102 kcal
mol. The reaction C2H5I→C2H51I, reaction~6!, is found to
have an enthalpy of 54 kcal/mol at the G2~RCC! level, which
agrees well with the experimental value of 53.1 extrac
from the tables of Rosenstocket al.16~a!

We will now discuss the energies of the two reactions
primary interest. The enthalpy of spin-forbidden reaction~1!:
C2H5I1O→C2H41HOI can be estimated from the exper
mental values of reactions~4!, ~6!, and ~7! in Table III and
the bond dissociation energy of 102.3 kcal/mol for OH16~a! to
be 253 kcal/mol, if we adopt the preferred H–OI dissoci
tion energy of 43 kcal/mol. The calculated G2M~RCC! value
of 257 kcal/mol is in reasonable agreement with the exp
ment, with an error of 4 kcal/mol. One may also compa
this with 259.2 kcal/mol, a G2~MP2! result of Marshall
et al. quoted by Loomiset al.1 One should note that, if a
higher value of 56 kcal/mol is used for the experimen
H–OI dissociation energy, the energy of reaction~1! would
be 266 kcal/mol.

The experimental energy of the spin–allowed react
~2!: C2H5I1O→C2H51OI can be obtained from those of th
reactions~3! and~6! in Table III to be 0.1 kcal/mol~thermo-
neutral! if 53 kcal/mol is adopted for the experimental O
bond dissociation energy, or111 kcal/mol~endothermic! if
42 kcal/mol is used. The calculated G2M~RCC! energy is
18 kcal/mol, too endothermic if 53 kcal/mol is used for th
experimental OI dissociation energy. The computed erro
the energy of this reaction and the dissociation energy m
be attributed to a computed energy of OI which is too hi
relative to the reactants. The error might be attenuated by
use of larger basis sets to treat the polarization of electron
iodine or a better geometry optimization of OI.
No. 4, 22 January 1998
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1549Stevens, Cui, and Morokuma: Gas phase reactions of O(3P)1C2H5I
VII. ADDITIONAL COMPUTATIONS OF THE MINIMUM
OF THE SEAM OF CROSSING

The computations find that the minimum of the seam
singlet–triplet crossing, S/T-MSX, as located using
B3LYP/I geometry optimization in Fig. 1, is not a point
which the singlet and triplet surfaces are degenerate at
G2M~RCC! level. Actually at this geometry the G2M~RCC!
singlet state is found to be more stable by 15.7 kcal/mol t
the triplet, as shown in Table I. The relative energetics
Fig. 2 suggests that the true minimum of the seam of cro
ing at the G2M level should geometrically lie closer to t
triplet complexT-C than does the presentS/T-MSX. Reop-
timization of the MSX at the G2M~RCC! or
G2M~RCC,MP2! level, however, is impossible because
the lack of analytical gradient at these levels.

The analysis of the individual correction terms in t
G2M~RCC! and G2M ~RCC,MP2! energies indicates tha
several different terms contribute to this singlet–triplet e
ergy difference and that the largest though not domin
~30%! contribution comes from the correction for the pola
ization functions evaluated at the MP4 or MP2 level. The
fore, we have reoptimized the MSX at the MP2/IV leve
where the basis set IV, as explained in Sec. II, consists
4s4p CGTOs13d f polarization function for iodine and
6-311G(2d f ,p) for the other atoms. The MP2/IV reopt
mized MSX, calledS/T-MSXp, is shown in Fig. 4.

The structure ofS/T-MSXp is indeed earlier in the re
action coordinate and lies between those ofT-C and S/T-
MSX. The O•••H distance inS/T-MSXp is 0.07 Å shorter
than in T-C but 0.03 Å longer than inS/T-MSX and the
O•••I distance is 0.35 Å shorter than inT-C but 0.04 Å
longer than inS/T-MSX. The G2M~RCC! energies~relative
to the reactant! at S/T-MSXp are10.6 kcal/mol for the trip-
let and29.0 for the singlet, compared to12.7 and213.0
kcal/mol, respectively, atS/T-MSX. Although the singlet–
triplet energy difference is reduced from 15.7 to 11.7 kc
mol, S/T-MSXp is still far from the true MSX at the
G2M~RCC! level. Assuming that both the singlet and tripl
change their energies linearly with the geometry chan
R„S/T-MSXp…2R„S/T-MSX…, which has taken place from
S/T-MSX to S/T-MSXp, a one-dimensional extra
polation predicts that the geometry of the true G2M~RCC!

FIG. 4. The structure~in Å and deg! of the minimum of the singlet–triplet
seam of crossing, optimized at the MP2/IV level.
J. Chem. Phys., Vol. 108,
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MSX, S/T-MSXg lies at R„S/T-MSXg…5R„S/T-MSXp…

11.57* @R„S/T-MSXp…2R„S/T-MSX…#, and the degenerat
G2M~RCC! energy both for the singlet and the triplet at th
true MSX, S/T-MSXg, would be22.7 kcal/mol. Although
this extrapolation scheme may be oversimplified, the imp
tant finding is that the energy at this G2M~RCC! crossing is
slightly below the energy of the reactants.

A CASSCF spin–orbit calculation performed at th
MP2IV-optimized S/T-MSXp gives a singlet–triplet cou-
pling matrix element of 224 cm21, which is a little larger
than the value of 202 cm21 at the B3LYP/I-optimizedS/T-
MSX. The spin–orbit coupling element at the G2M
extrapolatedS/T-MSXg would be 260 cm21, if the linear
extrapolation done above is also allowed here.

VIII. THE FINAL POTENTIAL ENERGY PROFILE AND
THE INTERPRETATION OF THE EXPERIMENTS
FOR THE O„

3P…1C2H5I REACTION

The final overall potential energy profile at th
G2M~RCC!1SO level, including the extrapolated energies
S/T-MSXg, is shown in Fig. 2, with the energetics in bo
character. We will discuss the mechanism of the O(3P)
1C2H5I reaction, using this potential energy profile.

At first we will discuss the spin-forbidden reaction~1!,
leading to the singlet products HOI1C2H4. Figure 2 indi-
cates that this reaction has to take place via the initial trip
complexT-C, the intersystem-crossing~isc! from the overall
triplet potential surface of the reactants to the singlet at
singlet–triplet MSX S/T-MSXg, the singlet intermediate
S-C, and the singlet five-membered ring transition stateS-
TS. The energetics indicates that the highest point in
energy in this channel is atS/T-MSXg, which is below the
energy of the reactants. Thus this channel is expected t
open at any collision energy, and is the only open reac
channel at lower energies. Experimentally, this channel
been observed at a low collision energy of 3.8 kcal/mol.2 At
a low energy, the system will spend more time in the vicin
of the triplet complexT-C, before reachingS/T-MSXg and
making isc with a small probability. We expect that the sc
tering to produce HOI will be isotropic at a low energy an
that as the collision energy increases, and the lifetime of
triplet complex decreases, the scattering will become m
anisotropic. This is what is found experimentally for the r
action ~1!.2

The singlet transition stateS-TS leading to HOI product,
as shown in Fig. 1, is the transition state for intramolecu
b–H abstraction by the leaving OI group.3 The extraction of
H from the carbon atomb to the iodine atom is consonan
with the mechanism proposed by Loomiset al.1 The S-TS
has an O–H bond distance of 1.57 Å, which is much lon
than the O–H distance of 0.97 Å in the HOI product. If th
large O–H extension or a substantial part of it is assume
remain in the product, one would expect a large OH vib
tional excitation in the nascent HOI product. Experimenta
this is exactly what is observed.1,3 The geometry ofS-TS
also suggests that in the HOI product, the bending vibrat
will be modestly excited, while the OI stretch would not b
No. 4, 22 January 1998
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1550 Stevens, Cui, and Morokuma: Gas phase reactions of O(3P)1C2H5I
A large potential energy release from a relatively early tr
sition state suggests a large translational energy as well

Now we will discuss the spin-allowed reaction~2!, lead-
ing to the radical–radical products OI~2P!1C2H5. Figure 2
indicates that there are two pathways leading to these p
ucts. One is the singlet pathway, following the same ro
with the reaction~1!, via the initial triplet complexT-C, the
intersystem-crossing~isc! from the overall triplet potentia
surface of the reactants to the singlet at the singlet–tri
MSX S/T-MSXg and the singlet intermediateS-C, from
where, deviating from the reaction~2!, the system dissociate
endoergically without reverse barrier to give the radica
radical products. This channel should become open as s
as the collision energy can supply an enough energy to re
OI~2P!1C2H5. As discussed in Sec. VI, the reaction~2! is
supposed to be nearly thermoneutral~if one set of the experi-
mental OI dissociation energy is used!, and thus this channe
should be open at very low collision energies. Since t
channel takes place via theT-C complex, like the reaction
channel~1!, the scattering is expected to be isotropic at a l
energy. This agrees with the experimental finding.2

Figure 2 indicates that at higher energy a new chan
should open for reaction~2!. This is the spin-allowed chan
nel all in the triplet manifold via the transition stateT-TS.
Since this is a direct channel, the scattering is expected t
backward. Experimentally, as the impact energy increa
the scattering becomes more anisotropic, in particu
backward.2 Wang et al.2 note that backward scattering a
pears only at the initial center of mass translational energ
about 8.6 kcal/mol, and suggest that a new channel open
at this energy, which corresponds to the system hav
enough energy to surmount a barrier to OI formation on
triplet energy surface. As the collision energy increases,
direct triplet channel should be come dominant over the
glet channel which involves inefficient triplet/singlet trans
tion. The geometry of the transition stateT-TS suggests tha
the IO product is likely to be rotationally excited but vibr
tionally cold and the ethyl product may be slightly excit
vibrationally. The present G2M~RCC! calculation finds the
energy of theT-TS to be 25.6 kcal/mol above the reactan
This is too high in comparison with the experiment. As d
cussed above~Table III!, the productsDD-P of the reaction
~2! are calculated to be 8.0 kcal/mol above the reacta
versus the one of the experimental estimates of 0.1 kcal/m
Considering thatT-TS is a late transition state, it would b
justifiable to reduce its energy by the error at the produ
7.9 kcal/mol, which will give the adjusted energy ofT-TS to
be 17.7 kcal/mol, which is still too large by 9.1 kcal/mol,
comparison with the experiment. To justify this error in pa
one may argue that the experimental initial translational
ergy should have a distribution around the peak at 8.6 k
mol, and the threshold of the reaction may actually be so
what higher than the peak energy.

If the reaction is carried out by the collision of O(1D),
instead of O(3P), with CH3CH2I, the potential energy pro
file in Fig. 2 suggests that the direct singlet channel prod
ing HOI1C2H4 would be dominant at all the collision ene
gies, with a minor contribution of the singlet channel givin
J. Chem. Phys., Vol. 108,
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IO1C2H5 product as well as other channels, such as dir
hydrogen abstraction by O(1D), not explored in the presen
study.

It has been recently learned that a new beam experim
has been performed by Alagiaet al. for the reaction of the
smallest analog, CH3I, with both O(3P) and O(1D).18 The
major difference of these reactions of CH3I from those of
CH3CH2I would be the lack of theb-hydrogen abstraction
channel,S-TSandSS-P. Otherwise the potential energy pro
file would be similar, with some minor changes in the en
getics. Thus, O(1D) will produce IO1CH3 via the direct
singlet channel, with some other possible minor channels
explored here. O(3P) will produce IO1CH3 via isc and the
singlet intermediate at lower collision energies and the sa
product via the direct triplet mechanism at higher energie

In conclusion, the calculations presented here prov
mechanisms for the formation of both spin-forbidden H
and spin-allowed OI products. HOI is formed by a triplet
singlet intersystem crossing, followed by passage throug
singlet transition state, which is accessible even at low
pact energies. This is consonant with experiments which
serve these products at low impact energies and which i
cated that HOI is formed via abstraction of a hydrogen fro
the b carbon of ethyl iodide. OI may be formed by tw
pathways, one which again is accessible at low energ
through the singlet pathway and the other which may only
observed if there is sufficient energy to surmount a barrie
the triplet state. Again this is consonant with recent expe
ments probing the reaction mechanism.
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