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We present a theoretical study of the reaction of the hydroxyl radical with ethene using
electronic structure calculations and direct-dynamics simulations. High-accuracy electronic
structure calculations at the CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVDZ level have been
carried out to characterize the representative regions of the potential energy surface of various
reaction pathways, including OH-addition and H-abstraction. These ab initio calculations
have been employed to derive an improved set of parameters for the MSINDO semiempirical
Hamiltonian specific to the OH+C2H4 reaction. The specific-reaction-parameter Hamilto-
nian captures the ab initio data accurately, and has been used to perform direct quasiclas-
sical trajectory simulations of the OH+C2H4 reaction at collision energies in the range of
2−10 kcal/mol. The calculated cross sections reveal that the OH-addition reaction domi-
nates at all energies over H-abstraction. In addition, the excitation function of addition is
reminiscent of a barrierless capture process, while that for abstraction corresponds to an
activated one, and these trends can be connected to the transition-state energies of both
reactions. We note that the development of an accurate semiempirical Hamiltonian for the
OH+C2H4 reaction in this work required the inclusion of empirical dispersion corrections,
which will be important in future applications for which long-range intermolecular attraction
becomes significant.
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I. INTRODUCTION

The hydroxyl radical is important in combustion pro-
cesses and atmospheric chemistry. OH is the most im-
portant daytime atmospheric oxidant and plays an im-
portant role in cleansing the troposphere via reactions
with volatile organic compounds (VOCs), which are
emitted into the atmosphere either from combustion
processes or non-anthropogenically [1−3]. To a large
extent, the amount of alkenes in the atmosphere is gov-
erned by their reactions with hydroxyl radical, and in
turn, the reactions with alkenes play a role in controlling
the concentration of hydroxyl radical in atmosphere.

Interpreting experiments on the dynamics and kinet-
ics of reactions of OH with alkenes by either statistical
calculations or chemical dynamics simulations requires
accurate potential energy surfaces (PESs) [4−8]. De-
spite extensive theoretical and computational investi-
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gations of the ground-state reaction pathways and rate
constants for the OH+C2H4 reaction [9−17], none of
these studies investigated the reaction dynamics in re-
gions away from the minimum-energy reaction path
of the PES. Nevertheless, it has been shown that the
OH+C2H4 reaction is dominated by electrophilic ad-
dition of the OH radical to the π bond that yields
a CH2CH2OH collision complex, with hydrogen ab-
straction becoming significant at higher temperatures
[9, 10, 16, 17]. The OH-addition mechanism leads to
a complicated dependence of the overall reaction rate
constant on pressure and temperature. The hydroxy-
adduct formed by OH-addition can be either collision-
ally stabilized or dissociates back to reagents. Alterna-
tively, the adduct can also undergo possible isomeriza-
tion and dissociation to yield a variety of products, but
only after overcoming significant barriers, which results
in slow processes at ambient temperatures. The ther-
mal rate coefficients over a broad range of temperature
and pressure have been determined by experiments [1,
9, 10, 18] and theoretical calculations [9−13], with a
focus on room-temperature conditions and above.

The characterization of stationary points on a PES
typically provides limited insight into chemical reaction
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dynamics since the actual atomic-level dynamics may
deviate substantially from that predicted by the sta-
tionary points and the minimum-energy path [19, 20].
Illustrative examples of this phenomenon can be pro-
vided by the direct and round-about mechanisms for
the Cl−+CH3I SN2 reaction [19], and the major non-
minimum-energy reaction path that F−+CH3OOH re-
active collisions follow [21]. The incomplete reaction
picture gleaned by the stationary points provides moti-
vation for performing chemical dynamics simulations of
OH+alkenes reactions. In turn, dynamics calculations
will serve to augment the limited information provided
by earlier kinetic studies. In this work, we perform a
direct-dynamics study of the OH+C2H4 reaction us-
ing a specific-reaction-parameters (SRP) semiempirical
Hamiltonian derived from ab initio data. To our knowl-
edge, this is the first time that a full-dimensional dy-
namics study is carried out for this reaction.

Direct-dynamics simulations have been proven very
useful for interpreting the kinetics and dynamics of var-
ious important chemical reactions [5, 6, 19−31]. In
direct dynamics the calculation of the potential en-
ergy V (q) and its first derivatives with respect to the
atomic coordinates ∂V/∂qi required for propagating
trajectories are obtained directly from electronic struc-
ture calculations without the need for fitting an an-
alytic potential energy function. The major problem
with direct dynamics is that a large number (>106) of
energy gradient calculations is needed to obtain sta-
tistically significant dynamics results. The need for
such a large number of energy gradients restricts com-
mon direct-dynamics studies to inexpensive electronic-
structure methods with small basis sets. Because the
computational overhead of semiempirical Hamiltoni-
ans is substantially smaller than most first-principles
methods, there is considerable interest in their applica-
tion in direct-dynamics calculations [32]. While stan-
dard semiempirical Hamiltonians generally can not ac-
curately capture the PES due to the neglect and pa-
rameterization of expensive electronic integrals and the
use of minimal basis sets, these problems can be ame-
liorated by developing sets of parameters for a specific
reaction. SRP Hamiltonians better reproduce high-level
quantum-mechanical calculations of the PES [31], and
preserve their computational efficiency, which enables
extensive and potentially accurate reaction dynamics
calculations. Various chemical dynamics simulations
have been recently carried out using this SRP technol-
ogy [24, 25, 27−31, 33].

In this work, by high-level ab initio calculations of
the PES of OH+C2H4 reaction and direct dynamics
simulations of OH+C2H4 collisions using SRP Hamil-
tonian developed from ab inito information of PES,
we investigated the reaction of OH radical with ethene
theoretically.

II. ab initio CALCULATIONS

The essential stationary points of the PES for the
OH+C2H4 reaction have been characterized using elec-
tronic structure theory. Geometry optimization of
reagents, products, minima, and transition states has
been performed mainly using second-order M∅ller-
Plesset (MP2) [34, 35] perturbation theory with the
correlation-consistent double-zeta basis set of Dunning
augmented with diffuse functions (MP2/aug-cc-pVDZ)
[36, 37]. The stationary nature of the optimum struc-
tures has been corroborated by harmonic vibrational
frequency calculations. To confirm that the optimized
transition states connect the pertinent minima, intrin-
sic reaction coordinate (IRC) [38] calculations have also
been carried out at the MP2/aug-cc-pVDZ level of the-
ory. In order to obtain more reliable energetic data,
single-point energy calculations have been performed at
the CCSD(T) [39] level of theory (coupled-cluster ap-
proach with single, double and perturbative triple exci-
tations) with the aug-cc-pVTZ [36, 37] basis set using
directly the MP2/aug-cc-pVDZ optimized geometries.
All calculations have used an unrestricted reference, and
have been carried out using the Gaussian 09 package of
programs [40].

The schematic of PES of the OH+C2H4 reaction is
depicted in Fig.1. The direct hydrogen abstraction be-
tween OH and C2H4 through transition state TSRP1
yields products water and vinyl radical (P1). On a
different pathway, the initial association of reagents
can form a hydrogen-bonded complex C2H4−OH (C1),
which progresses to the CH2CH2OH adduct (im1) after
surmounting a small barrier (TSC11). The im1 species
can undergo a C−H bond rupture leading to products
HOCHCH2+H (P2). Alternatively, im1 can isomerize
either to CH3CH2O (im2) via a 1,3-hydrogen shift, or
to CH3CHOH (im3) by a 1,2-hydrogen shift. The im2
species evolves through C−C and C−H bond dissocia-
tions to H2CO+CH3 (P3) and OCHCH3+H (P4), re-
spectively, or undergoes a 1,2-hydrogen shift to con-
vert to isomer 3, followed by its dissociation to form
P4 (O−H bond breaking) or P2 (C−H bond breaking).
As shown in Fig.1, while addition of OH to the double
bond to form the im1 species requires a small barrier
(TSC11), subsequent reactions from im1 all involve rel-
atively high barriers. This suggests that once the im1
complex is formed, the system might get trapped for a
significant period of time in the relatively deep poten-
tial well, or even dissociate back to reagents instead of
advancing toward products.

Comparison of the barrier of addition to the much
higher transition state TSRP1 of the H-abstraction
pathway (7.6 kcal/mol) suggests that at low energies
abstraction will be not competitive to addition. Several
theoretical studies have focused on these two important
channels for the OH+C2H4 reaction. The structures
and energies of the key stationary points in these two
pathways are given in Fig.2 and Tables I and II, previ-

DOI:10.1063/1674-0068/26/06/765-773 c©2013 Chinese Physical Society



Chin. J. Chem. Phys., Vol. 26, No. 6 Hydroxyl Radical Reaction with Ethene 767

FIG. 1 Potential energy schematic for the OH+C2H4 reaction at the CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVDZ level of
theory. The energy is relative to reagents and includes zero point energy (ZPE) corrections, with the ZPEs calculated at
the MP2/aug-cc-pVDZ level. The ZPE for C1 is obtained at the MP2/6-31G(d) level.
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FIG. 2 Geometries of selected stationary points, for the OH-addition and H-abstraction pathways for the OH+C2H4 reaction,
optimized with the MP2/aug-cc-pVDZ level of theory. Distances are in Å and angles in (◦).

TABLE I Calculated energies of selected stationary points
for the OH-addition and H-abstraction pathways on the
OH+C2H4 PES. Energies in kcal/mol are with respect to
reagents and include ZPE.

C1 im1 TSC11 TSRP1

MP2a
−1.8d

−29.2 6.7 12.0

CCSD(T)//MP2b
−1.5d

−25.8 1.2 7.6

SRP-MSINDO −25.1 6.6

RQCIT//QCIc −1.9 −26.2 0.2 4.9

a MP2/aug-cc-pVDZ.
b CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVDZ.
c QCISD(T)/cc-pV∞Z//QCISD/6-311++G(d,p) [10].
d ZPE calculated at the MP2/6-31G(d) level of theory.

ous results are also given for comparison. The energies
of all minima and saddle points obtained at various lev-
els of theory are listed in the supplementary material.

Overall, the geometries of structures optimized with the
MP2/aug-cc-pVDZ level are in agreement with prior
theoretical results at different levels of theory [9−12,
15]. The largest difference between our MP2 geometries
and the QCI results by Senosiain et al. [10] is for the
C2−O bond length of hydrogen-bonded complex C1,
for which our MP2 value is 0.154 Å shorter than that
of QCI theory. However, our MP2 C2−O bond length
agrees well with the B3LYP/6-311++G(d,p) value re-
ported by Klippenstein et al. with the largest differ-
ence being 0.050 Å [9]. Senosiain et al. also reported
the stationary point energies for the OH+C2H4 reac-
tion at the RQCIT//QCI level of theory [10]. Our
CCSD(T)//MP2 energies agree within 2 kcal/mol with
the RQCIT//QCI values in most cases. The largest
difference lies in the H-abstraction barrier TSRP1,
for which our CCSD(T)//MP2 energy is 2.7 kcal/mol
higher than RQCIT/QCI value. We note that the wave-
function of hydrogen-bonded complex C1 shows an in-
stability at the MP2 level with the aug-cc-pVDZ basis
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TABLE II Representative geometrical parameters of selected stationary points for the OH-addition and H-abstraction
pathways of the OH+C2H4 reactiona.

im1 TSRP1

RO−C2/Å RC−C/Å ∠OC2C1/(◦) RO−H4/Å RC2−H4/Å RC−C/Å ∠OH4C2/(◦) ∠H4C2C1/(◦)

MP2/aug-cc-pVDZ 1.440 1.495 112.7 1.267 1.216 1.306 163.7 118.4

SRP-MSINDO 1.500 1.468 112.0 1.237 1.181 1.340 161.3 120.0

set, which leads to an incorrect ZPE. Thus, the ZPE
correction for C1 is calculated using a smaller 6-31G(d)
basis set. The subsequent high-level CCSD(T)/aug-
cc-pVTZ single-point energy calculation based on the
MP2/6-31G(d) geometry of C1 gives the ZPE corrected
energy of −1.2 kcal/mol. With this MP2/6-31G(d) ZPE
included, the CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-
pVDZ energy for C1 is −1.5 kcal/mol, which is in good
agreement with RQCIT//QCI value of −1.9 kcal/mol.

III. SPECIFIC REACTION PARAMETERS MSINDO

HAMILTONIAN

As a low-cost semiempirical method, MSINDO [41,
42] (modified symmetrically orthogonalized intermedi-
ate neglect of differential overlap) has been widely used
in direct dynamics studies [24, 25, 28−31]. In this sec-
tion, we show how ab initio information for the global
PES is used to develop an SRP MSINDO Hamiltonian
that is suitable for the OH+C2H4 reaction.

An improved parameter set for MSINDO has been
derived by using several sets of ab initio information on
the OH+C2H4 PES. First, all of the stationary points
of the reaction, including reagents, products, interme-
diates, and transition states are included in the param-
eter optimization, with energies at the CCSD(T)/aug-
cc-pVTZ level. Secondly, to cover broader swaths of
the PES of the OH+C2H4 reaction, the key pathway
of OH-addition to ethene was considered. To map this
region of the PES, we scanned the C2−O coordinate
(see Fig.2) from the transition state TSC11 value of
2.096 Å at the MP2/aug-cc-pVDZ level toward reagents
at 0.05 Å steps until the C2−O coordinate reached
5.096 Å. In each of the points of the scan, the rest
of coordinates were frozen at the MP2/aug-cc-pVDZ
transition state values. A similar scan was carried out
for the C2−O bond that is formed from its value at
TSC11 toward im1 at 0.05 Å steps until the C2−O co-
ordinate reached 1.396 Å. Both scans were performed
at the CCSD(T)/aug-cc-pVTZ level. Accurately cap-
turing the approaches in the vicinity of the entrance
channel of OH-addition is important for the subsequent
dynamics studies, as this region of the PES controls
critical dynamics properties of the system, such as the
addition/abstraction branching ratio.

In addition to mapping the PES using the scans
just described, quasiclassical trajectories starting from
reagents OH and C2H4 are propagated by using the

FIG. 3 Potential energy surface profiles of the entrance
channel of the OH+C2H4→im1 (CH2CH2OH) OH-addition
reaction calculated at various levels of theory. The graph
shows dual-level calculations in which the geometries corre-
spond to MP2/aug-cc-pVDZ calculations.

standard AM1 semiempirical Hamiltonian. In those tra-
jectories, the only pathways identified are either inelas-
tic scattering, or addition to form the im1 CH2CH2OH
adduct. 592 points are selected from the propagation
to appropriately cover the global PES region of OH-
addition to ethene. The energies of the points obtained
in that trajectory propagation are subsequently recal-
culated at the CCSD(T)/aug-cc-pVTZ level to obtain
a more accurate description of the PES.

Overall, the grid of CCSD(T)/aug-cc-pVTZ calcu-
lations just described provides ∼700 ab initio points
and is employed as a reference in the reoptimization
of the parameters of the MSINDO Hamiltonian. The
MSINDO parameter optimization was performed us-
ing a nonlinear least-squares procedure that minimizes
the difference between the CCSD(T)/aug-cc-pVTZ and
MSINDO energies. During the parameter optimization,
we noted that the classical (non-ZPE corrected) ener-
gies of the addition reaction pathway (Fig.3) exhibited
long-range attraction before entering into a shallow well
prior to the submerged barrier that leads to the im1
species. This long-ranged attraction is primarily due
to dispersion interactions, which are typically not de-
scribed well by semiempirical Hamiltonians, including
MSINDO. While we tried to capture the long-ranged
attraction via parameter optimization, the low level of
theory in the Hamiltonian precludes a proper descrip-
tion of dispersion. However, this long-range attraction
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TABLE III Original and SRP-MSINDO parameters involved in the OH+C2H4 reactiona .

Parameter Original SRPb Parameter Original SRPb Parameter Original SRPb

ζU
s (H) 1.0060 1.2842 Ks(C) 0.0867 0.0933 ζs(O) 2.3538 2.6450

ζs(H) 1.1576 1.2161 τ1s(C) 5.0830 4.7554 ζp(O) 2.1559 2.3322

Ks(H) 0.1449 0.1729 ε1s(C) 10.4300 9.7276 Ks(O) 0.1242 0.0933

Is(H) −0.5000 −0.5521 Is(C) −0.8195 −0.7321 τ1s(O) 7.3271 6.7051

α(1)(H) 0.3856 0.3534 Ip(C) −0.3824 −0.4056 ε1s(O) 19.5500 27.2596

α(2)(H) 0.5038 0.4765 α(1)(C) 0.4936 0.4637 Is(O) −1.6838 −2.1959

ζU
s (C) 1.6266 1.4278 α(2)(C) 0.6776 0.8095 Ip(O) −0.5780 −0.64351

ζU
p (C) 1.5572 1.5898 ζU

s (O) 2.1109 2.0416 α(1)(O) 0.2485 0.2812

ζ
s
(C) 1.7874 1.3952 ζU

p (O) 1.9055 1.7899 α(2)(O) 0.2246 0.1815

ζp(C) 1.6770 1.7562
a For a definition of parameters, please see Ref.[41].
b Dispersion corrections are involved in the SRP development.

potentially plays an important role in the reaction dy-
namics, as it might steer reagents toward the im1 prod-
ucts at low collision energies [43]. Therefore, neglecting
a good description of this region of the PES might result
in incorrect dynamics behavior.

To help solve the lack of dispersion in MSINDO,
an empirical damped dispersion correction was added
in the spirit of similar approaches to DFT methods.
The chosen dispersion correction [44, 45] using van der
Waals radii, atomic dispersion coefficients and its func-
tional form is given by

Edisp = −

Natoms
∑

i,j<i

fdamp(Rij)
Cij

R6
ij

(1)

where Natoms is the total number of atoms, Rij is the
interatomic distance between atoms i and j, and the
Cij is the geometric mean of the atomic dispersion co-
efficients Ci and Cj :

Cij = (CiCj)
1/2 (2)

The function fdamp damps the dispersion correction for
shorter interatomic distances and has the form:

fdamp(Rij) =
1

1 + exp

[

− α

(

Rij

Ri
vdW + Rj

vdW

− 1

)] (3)

where Ri
vdW and Rj

vdW are the van der Waals radii for
atoms i and j, and α is a parameter that is usually
set to 23 [44]. The atomic RvdW are 1.001, 1.452, and
1.342 Å for atoms H, C, and O, and the atomic disper-
sion coefficients C are 0.14, 1.75, and 0.70 nm6J/mol,
respectively [45].

Inclusion of this dispersion correction in the MSINDO
Hamiltonian allows for a better fit of the ab initio data,
as shown in Fig.3. The SRP-MSINDO parameters ob-
tained after the optimization procedure are compared

to the original parameters in Table III. The relative
differences between both sets of parameters are very
small, and in no case the new SRP-MSINDO parame-
ters differ from the original ones by more than a fac-
tor of 2. The resulting SRP-MSINDO energies agree
reasonably well with the CCSD(T)/aug-cc-pVTZ val-
ues for the grid of ∼700 ab initio points included in
the fitting process with a mean square root deviation
of ∼2 kcal/mol. Figure 3 shows a more quantita-
tive comparison between the original MSINDO, SRP-
MSINDO with or without dispersion correction, and the
ab initio CCSD(T)/aug-cc-pVTZ energies in the PES
region of OH-addition entrance channel. Compared
with the original MSINDO, the SRP-MSINDO Hamil-
tonian better describes the potential energy curve,
and with the dispersion correction included, the SRP-
MSINDO Hamiltonian reproduces reasonably well the
high-quality CCSD(T)/aug-cc-pVTZ energies. A more
detailed look at the CCSD(T)/aug-cc-pVTZ data shows
that the energy drops smoothly from the reagents’
asymptote towards a very shallow minimum. This
minimum precedes the transition state, whose energy
is below reagents. In contrast, both the original and
SRP-MSINDO PES connect reagents and the addition
minimum through a continuously downhill pathway.
Notwithstanding, the reactions are classically barrier-
less with both methods, and the absolute energy dif-
ferences between SRP-MSINDO and CCSD(T)/aug-cc-
pVTZ are rather small, especially compared to the total
energies involved in the reaction dynamics study that
we present below.

As shown in Table II, the structures of stationary
points obtained at the SRP-MSINDO level are in good
agreement with the MP2/aug-cc-pVDZ results, with
the bond length and angle deviation being not more
than 0.06 Å and 3◦, respectively. The calculated SRP-
MSINDO frequencies of reactants are listed in Table IV
and generally agree well with the experimental values
with the average deviation of ∼7%. The stationary-
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TABLE IV SRP-MSINDO frequencies (in cm−1) of reactant C2H4 and in comparison with experimental valuesa.

Mode SRP Exp. [51] Mode SRP Exp. [51] Mode SRP Exp. [51]

b2u CH2 rock 929 826 b3g CH2 rock 1163 1236 b1u CH2 str 3332 2989

b2g CH2 wag 973 943 ag CH2 scis 1406 1342 ag CH2 str 3379 3026

b3u CH2 wag 1024 949 b1u CH2 scis 1453 1444 b3g CH2 str 3445 3103

au CH2 twist 1131 1023 ag CC str 1939 1623 b2u CH2 str 3451 3106
a SRP-MSINDO and Exp. [50] frequencies for sg OH str are 3492 and 3738 cm−1, respectively.

point energy differences between SRP-MSINDO and
CCSD(T)/aug-cc-pVTZ are less than 1 kcal/mol. As
can be seen from Table I, remarkably, SRP-MSINDO
provides energies that are closer to CCSD(T)/aug-cc-
pVTZ than the much more computationally expensive
MP2/aug-cc-pVDZ results.

The SRP Hamiltonian derived in this way, including
the dispersion correction, was used to perform trajec-
tory calculations of the OH+C2H4 reaction, which we
present in the following section.

IV. DIRECT DYNAMICS SIMULATIONS

Direct-dynamics trajectory calculations, with the
SRP-MSINDO Hamiltonian derived above, have been
performed to investigate the dynamics of the hydroxyl
radical reaction with the ethene molecule. The initial
separation between reagents is set to 15.0 a.u. to ensure
that the initial interaction energies are negligible. The
trajectories are terminated typically after a maximum
of 5×103 integration steps with an integration time step
of 0.24 fs, or when the separation between the reaction
products exceeds 16 a.u.

To investigate the dependence of reaction dynam-
ics on the initial collision energies Ecoll, the simula-
tions have been performed at Ecoll of 2, 4, 6, 8, and
10 kcal/mol. The value of the maximum sampling im-
pact parameter bmax for each Ecoll has been found by
incrementing b gradually until no reaction occurs out of
2×103 trajectories. The resulting values of bmax chosen
in this manner are shown in Fig.4 and Fig.S1 (supple-
mentary material). Initial coordinates and momenta
for the reagents have been generated via normal-mode
sampling from the VENUS program [46, 47]. Batches
of 104 trajectories have been calculated at each collision
energy.

A. Opacity functions

The opacity functions, i.e., the probability P (b) of
OH-addition and H-abstraction reaction pathways at
impact parameter b, versus impact parameter, have
been calculated at different collision energies. The rep-
resentative opacity functions at 2 and 10 kcal/mol are
plotted in Fig.4, and the results at 4−8 kcal/mol are

shown in Fig.S1 (supplementary material). Under all
conditions, the reaction probabilities for OH-addition
are significantly larger than those for abstraction. The
differences are especially large at the lowest collision
energy, where the probability of abstraction is negligi-
ble. There are also remarkable differences in the opac-
ity functions for OH addition according to whether dis-
persion corrections are included at low collision energy.
The dispersion correction makes possible the reaction of
slowly approaching reagents at impact parameters much
longer (b>5 a.u.) than the case when no dispersion cor-
rections are included. The intuitive picture emerging
from this result is one in which reagents attract each
other at long range toward the transition state when
dispersion is included. This behavior is reminiscent
of capture-type dynamics, and it is not so obviously
present when the dispersion is neglected.

At larger collision energies, study of the opacity func-
tions shows that the dispersion correction plays a far
less significant role than that at 2 kcal/mol collision en-
ergy. In effect, at Ecoll=10 kcal/mol the reaction proba-
bilities with or without dispersion become more compa-
rable, both in their values at the same impact parame-
ters, and in the range of impact parameters that lead to
reaction. This is not unexpected, since at higher Ecoll

the much larger relative velocity between the reagents
will overwhelm the weak attractive interactions between
reagents.

B. Reaction cross sections

Figure 5 exhibits the calculated cross sections of OH-
addition and H-abstraction pathways as a function of
collision energies. Clearly, OH-addition dominates over
H-abstraction at all collision energies. The cross section
dependence on collision energy is slightly different for
abstraction and addition. For abstraction, the excita-
tion function shows a threshold and the cross sections
grow with collision energy, which is consistent with an
activated process. On the other hand, there seems to be
no threshold for addition, and the cross sections at low
collision energy seem to go through a slight minimum
and increase as collision energy decreases. This behav-
ior is expected in a barrierless reaction with capture-
type dynamics.

As shown in Fig.5, the effects of dispersion on the

DOI:10.1063/1674-0068/26/06/765-773 c©2013 Chinese Physical Society



Chin. J. Chem. Phys., Vol. 26, No. 6 Hydroxyl Radical Reaction with Ethene 771

FIG. 4 Opacity functions (reaction probability P (b) at impact parameter b vs. impact parameter) for the OH-addition and
H-abstraction reaction pathways at Ecoll=2 kcal/mol (a, b) and 10 kcal/mol (c, d). (a, b) and (c, d) are with and without
dispersion correction, respectively. The reaction probabilities P (b) for H-abstraction at 2 kcal/mol are insignificant and have
been omitted for clarity.

FIG. 5 Excitation functions (cross section vs. collision en-
ergy) for the OH-addition and H-abstraction reaction path-
ways of the OH+C2H4 reaction.

cross sections are remarkable, especially at low colli-
sion energies. With dispersion included, the cross sec-
tion of OH-addition is about two times larger than that
without dispersion correction at Ecoll=2 kcal/mol. On
the other hand, the cross sections with and without
dispersion are comparable for addition at 10 kcal/mol.

This behavior follows the differences in the opacity func-
tions discussed above. As shown in Fig.4, at 2 kcal/mol
dispersion substantially increases the maximum impact
parameter for OH-addition, which results in a signif-
icantly larger cross section [48]. On the other hand,
dispersion has an essentially negligible effect on either
the opacity function or the maximum impact parameter
at 10 kcal/mol. The cross sections for the H-abstraction
channel with or without dispersion corrections at both
2 and 10 kcal/mol are statistically identical, which im-
plies that dispersion plays no discernible role for this
pathway in the OH+C2H4 reaction.

While there have been no experiments reported to
address the excitation or opacity functions of the title
reaction, thermal reaction rate constants for the addi-
tion reaction show a negative dependence on tempera-
ture [49], which is commonly interpreted as the reaction
having a negative activation energy. A negative activa-
tion energy indicates a barrierless process characterized
by capture-type behavior. Both the increase in reaction
probability at high impact parameters and the increase
of the cross sections with decreasing collision energies
near the threshold in our dynamics studies point toward
capture-type dynamics for the addition channel. This
result is in agreement with the trend in the experimen-
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tal rate-constant dependence on temperature, and the
potential energy profile for this pathway in Fig.3.

It should be noted that the values of the cross sections
of H-abstraction pathway are generally very small and
this poses an operational challenge in the direct dynam-
ics simulations since an unusually large number of tra-
jectories needs to be calculated to obtain state-to-state
information with statistical significance. In addition,
even though we generated a large number of reactive
collisions forming the im1 intermediate following OH
addition, none of the trajectories progressed past the
im1 minimum toward products even when we increased
the trajectory propagation time to several picoseconds.
This is consistent with the high barriers required to exit
the minimum, and suggests that regular trajectory cal-
culations starting from reagents will be computationally
very challenging if the dynamics of the progress of im1
toward products is to be studied.

V. CONCLUSION

We have investigated the reaction of the hydroxyl
radical with ethene using electronic structure theory
and chemical dynamics simulations evolved with a
specific-reaction-parameter semiempirical Hamiltonian.

The detailed doublet potential energy surface of
the OH+C2H4 reaction has been characterized at the
MP2/aug-cc-pVDZ and CCSD(T)/aug-cc-pVTZ levels
of theory. Extensive grid of high-quality ab initio in-
formation covering various regions of the OH+C2H4

PES have been used to reoptimize the original param-
eters of the MSINDO semiempirical Hamiltonian and
obtain an SRP-MSINDO Hamiltonian suitable for the
OH+C2H4 reaction. The empirical parameter set spe-
cific to this reaction endows the MSINDO Hamiltonian
with a good degree of accuracy in comparison with the
CCSD(T)/aug-cc-pVTZ energies, especially for the ar-
eas of PES around the OH-addition reaction pathway,
which has a central interest in the studies reported
here. An empirical damped dispersion correction was
included in the development of the SRP-Hamiltonian
method, and it clearly improved the description of the
original MSINDO Hamiltonian in the long-range attrac-
tion region.

By using the derived SRP-MSINDO Hamiltonian, we
have carried out a direct dynamics quasiclassical trajec-
tory study of the OH+C2H4 reaction. The opacity func-
tions and excitation functions stemming from the tra-
jectory calculations show that the OH-addition channel
dominates over hydrogen abstraction throughout the
range of collision energies covered in this work. For OH
addition, the dispersion correction plays an important
role at low collision energy, whereas its contribution is
less important at higher energies. This results from the
increase of the relative velocity between the reagents
as the collision energy increases, which overwhelms the
weak attractive interaction as OH approaches the C2H4

molecule.

The strategy of reparameterizing a semiempirical
Hamiltonian adopted in this work results in a fast and
accurate electronic structure method and represents an
attractive avenue to enable dynamics studies of rela-
tively large chemical reactions. We will continue inves-
tigating the performance of this SRP-MSINDO Hamil-
tonian on the rest of the reaction channels on the PES
of OH+C2H4 reaction, with the potential for predicting
the dynamics of processes subsequent to the generation
of the OH-addition adduct. Caution should be used in
the utilization of the SRP-MSINDO Hamiltonian de-
veloped in this work for other reactions, and the gen-
eral accuracy of the Hamiltonian in homologous OH+n-
alkene reactions will be addressed by future trajectory
simulations.

The present calculations are expected to stimulate
further laboratory investigations of the atmospherically
relevant hydroxyl radical reactions with alkenes, for
which there are only limited reaction dynamics reports
available in experimental and theoretical studies.
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[21] J. G. López, G. Vayner, U. Lourderaj, S. V. Addepalli,
S. Kato, W. A. deJong, T. L. Windus, and W. L. Hase,
J. Am. Chem. Soc. 129, 9976 (2007).

[22] W. L. Hase, Science 266, 998 (1994).
[23] J. Zhang, J. Mikosch, S. Trippel, R. Otto, M. Wei-

demüller, R. Wester, and W. L. Hase, J. Phys. Chem.
Lett. 1, 2747 (2010).

[24] J. P. Layfield, M. D. Owens, and D. Troya, J. Chem.
Phys. 128, 194302 (2008).

[25] J. P. Layfield, A. F. Sweeney, and D. Troya, J. Phys.
Chem. A 113, 4294 (2009).

[26] W. A. Alexander, J. R. Morris, and D. Troya, J. Phys.
Chem. A 113, 4155 (2009).
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