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The elementary vapor-phase reaction between Cl atoms and HCHO has been studied by ab initio methods.
Calculations at the MP2, MP3, MP4(SDTQ), CCSD, CCSD(T), and MRD-CI levels of theory show that the
reaction is characterized by a low electronic barrier; excluding the effects of spin-orbit splitting in Cl, our
best estimate at the MRD-CI/aug-cc-pVTZ//RHF-RCCSD(T)/aug-cc-pVTZ level of theory predicts a Born-
Oppenheimer barrier height of 0.7 kJ mol-1. The energies of the lowest six electronic states as resulting from
MRD-CI calculations are presented at discrete points along the reaction path, and two avoided crossings are
found in the transition state region. The spin-orbit splitting in Cl is also calculated along the reaction path;
it is not negligible in the transition state region and is found to increase the barrier by only 1.4 kJ mol-1 at
the RCCSD(T)/aug-cc-pVTZ transition state geometry. The minimum energy path of the reaction connects
an energetically weakly stabilized adduct on the flat potential surface on the reactant side and an energetically
strongly stabilized postreaction adduct. The reaction rate coefficient and the kinetic isotope effects were
calculated using improved canonical variational theory with small curvature tunneling (ICVT/SCT), and the
results were compared to experimental data. The experimental reaction rate coefficient is reproduced within
its uncertainty limits by variational transition state theory with interpolated single-point energy corrections
(ISPE) at the MP4(SDTQ) level of theory and by conventional transition state theory with interpolated optimized
energies (IOE) at the MRD-CI//RCCSD(T) level of theory and interpolated optimized geometries at the
RCCSD(T) level of theory on an MP2/aug-cc-pVTZ potential energy surface when employing scaled vibrational
frequencies.

1. Introduction

Formaldehyde, HCHO, is among the key compounds in the
chemistry of the lower atmosphere. It is omnipresent being
produced in the combustion of fossil fuels, in biomass burning,
in the photochemical oxidation of methane and other hydro-
carbons, and in microbiological processes. HCHO is the single
largest source of H2 in the atmosphere, it is a sink for radicals,
and it plays a significant role as a source of HOx radicals
throughout the atmosphere.

The kinetics of the Cl+ HCHO reaction have been studied
at room temperature by the relative rate technique using Fourier
transform infrared spectroscopy,1 by infrared chemiluminescence
following laser-induced generation of Cl atoms,2 by discharge
flow-mass spectrometry,3 by discharge flow-electron paramag-
netic resonance,4 and by flash photolysis-resonance fluores-
cence.5 Two temperature studies, both using flash photolysis-
resonance fluorescence, have been reported.6,7 The recommended

reaction rate coefficient iskT ) 8.2 × 10-11 exp(-34/T) and
k298) 7.3× 10-11 cm3 molecule-1 s-1,8 that is, virtually without
temperature dependence. Experimental D,13C, and18O kinetic
isotope effects in the Cl atom reaction with formaldehyde at
room temperature are also available.9,10

We have previously reported results from ab initio calcula-
tions (MP2) of the Cl+ HCHO reaction including conventional
transition state calculations of the reaction rate coefficient and
the kinetic isotope effects;9 conventional transition state theory
(TST) did not reproduce the observed kinetic isotope effects in
a satisfactory manner. More recently the Cl+ HCHO reaction
was investigated by time-resolved infrared emission spectros-
copy supported by density functional theory (DFT) and single-
point energy CCSD(T) calculations.11 As already shown in our
previous computational study,9 the B3LYP/DFT calculations are
not adequate in describing the reaction. In the present study we
extend the previous ab initio calculations on the reaction of
formaldehyde with chlorine to a high level of theory to elucidate
the barrier of the “almost barrierless” reaction. We also extend
the previous TST model to variational transition state theory
with the aim of calculating reaction rate coefficients in better
agreement with experiment and improve the fundamental
understanding of the origin to kinetic isotope effects.
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2. Computational Methods

2.1. Electronic Structure Calculations. The ground-state
potential energy surface (PES) of the HCHO+ Cl reaction
system was investigated at the MP2,12 MP3,13 MP4(SDTQ),14,15

and CCSD16-19 levels of theory with the Gaussian 03 program.20

Unrestricted wave functions were used to describe open-shell
systems and bond breaking processes; singlet ground state
structures were calculated using restricted wave functions.
Additional RHF-RCCSD(T)21 coupled cluster geometry opti-
mizations were carried out employing the MOLPRO 2002.6
program package22 in which both open- and closed-shell systems
are described by the RHF-RCCSD(T) model.23-25 We have
chosen the partially spin-restricted RHF-RCCSD(T) over the
spin-unrestricted RHF-UCCSD(T) model because spin-unre-
stricted RHF-UCCSD(T) caused severe convergence problems
for the investigated system. The core electrons were kept frozen
in the calculations. Dunning’s correlation-consistent cc-pVXZ
(X ) D, T)26,27and aug-cc-pVXZ (X) D, T, Q) basis sets26-28

were employed in all calculations. The optimized structures were
tested by vibrational analyses to be local minima (Hessian with
only positive eigenvalues) and saddle points (Hessian with one
negative eigenvalue).

Single-point energies at the MP4(SDTQ)/aug-cc-pVXZ (X
) T, Q, 5)26-30 and CCSD(T)/aug-cc-pVXZ (X) T, Q) levels
of theory were calculated for the MP2/aug-cc-pVDZ and MP2/
aug-cc-pVTZ stationary points with the Gaussian 03 program.
In addition the energies of the ground and electronically excited
states of the stationary points, obtained in the MP2/aug-cc-pVXZ
(X ) D, T) and RHF-RCCSD(T)/aug-cc-pVTZ calculations,
were computed using the selecting multireference single- and
double-excitation configuration interaction method MRD-CI
implemented in the DIESEL program.31 Additional ground-state
and electronically excited-state energies for three nonstationary
points along the MP2/aug-cc-pVTZ minimum energy path of
reaction (section 2.2) were calculated to give the potential energy
curves of the ground state and five energetically low-lying
electronic states. In these calculations we employed the aug-
cc-pVTZ basis set,26-28 which is flexible with respect to
polarization and electron correlation and is considered to be
fairly balanced for the present system. This basis set has proved
to give reasonable results in calculations on similar systems.32-34

In the DIESEL program package the selection of reference
configurations can be carried out automatically according to a
summation threshold. We have chosen a summation threshold
of 0.85, which means that the sum of the squared coefficients
of all reference configurations selected for each electronic state
is above 0.85. The number of reference configurations for each
irreducible representation was in the range between 7 and 22
for the stationary and nonstationary points. The 19 valence
electrons of the system were treated as active while keeping
the remaining 14 electrons of the inner shells in doubly occupied
orbitals (frozen). With this set of reference configurations all
single and double excitations in the form of configuration state
functions (CSFs) were generated. From this MRD-CI space all
configurations with an energy contribution∆E(Thr) above a
given threshold Thr were selected; i.e., the contribution of a
configuration larger than this value relative to the energy of
the reference set was included in the final wave function. A
selection threshold of Thr) 5 × 10-8 hartree was used for the
calculation of the states. The effect of configurations that
contribute less than Thr) 5 × 10-8 hartree is accounted for in
the energy computation,E(MRD-CI), by a perturbative tech-
nique.35,36The contribution of higher excitations was estimated
by applying a generalized Langhoff-Davidson correction

formula E(MRD-CI + Q) ) E(MRD-CI) - (1 - c0
2) [E(ref)

- E(MRD-CI)]/c0
2, wherec0

2 is the sum of squared coefficients
of the reference species in the total CI wave function andE(ref)
is the energy of the reference configurations. In total, we
examined 12 low-lying electronically excited doublet states at
each stationary and nonstationary point of the system.

The energies of the MP2/aug-cc-pVTZ and MP2/aug-cc-
pVQZ geometry-optimized structures as well as the MP4-
(SDTQ)/aug-cc-pVQZ and MP4(SDTQ)/aug-cc-pV5Z single-
point energies of the MP2/aug-cc-pVTZ structures were
extrapolated toward the basis-set limit using the extrapolation
scheme of Halkier et al.37

whereEX is the correlation energy obtained with the highest
cardinal numberX and EY is the correlation energy obtained
with cardinal numberY equal toX - 1. The cardinal numbers
of the aug-cc-pVTZ, aug-cc-pVQZ, and aug-cc-pV5Z basis sets
are 3, 4 and 5, respectively. In the following such calculations
will be denoted MP2/EBXY and MP4(SDTQ)/EBXY//MP2/aug-
cc-pVTZ, respectively, with “EB” being short for extrapolated
basis.

2.2. Calculation of Reaction Rate Coefficients.The mini-
mum energy path (MEP) connecting reactants and products was
computed at the MP2/cc-pVDZ, MP2/aug-cc-pVDZ, and MP2/
aug-cc-pVTZ levels of theory using the intrinsic reaction
coordinate (IRC) method of Gonzales and Schlegel.38,39The IRC
calculations were carried out in mass-weighted Cartesian
coordinates using a step size of 0.02 u1/2 bohr. Calculations of
rate coefficients were carried out on the MP2/aug-cc-pVTZ MEP
using interpolated variational transition state theory by mapping
(IVTST-M)40 using the sparse grid of geometries, gradients, and
Hessians from the ab initio IRC calculations as the input (the
ratio between gradients and Hessians was 3:1). The MEP was
followed in mass-scaled (scaling mass equal to 1 u) curvilinear
coordinates using the RODS algorithm.41 The electronic energy
of the MEP was corrected by the interpolated single-point energy
(ISPE) method42 using the MP4(SDTQ) energies of the reac-
tants, products, saddle point, pre- and postreaction adducts as
inputs. In a second procedure, the interpolated optimized
energies (IOE) method43,44 in which the RCCSD(T)/aug-cc-
pVTZ geometries and the MRD-CI/aug-cc-pVTZ//RCCSD(T)/
aug-cc-pVTZ energies of the reactants, saddle point, and
products were used. The electronic energies of the MEP were
corrected by the SECKART method in which a single Eckart
potential is fitted to the differences between the higher-level
MRD-CI/aug-cc-pVTZ//RCCSD(T)/aug-cc-pVTZ and lower-
level MP2/aug-cc-pVTZ energies at all stationary points. From
this information the ground-state vibrationally adiabatic potential
curves,Va

G, were obtained.
The rate coefficients were calculated over the temperature

range of 200-1500 K using improved canonical variational
theory (ICVT).45,46 Semiclassical tunneling corrections have
been included using the centrifugal-dominant small-curvature
adiabatic ground-state tunneling (SCT) approximation.46,47The
transmission coefficient also includes the classical adiabatic
ground-state (CAG) transmission coefficient48 that adjusts the
quantal corrections for the difference betweenVa

G at its
maximum and at the CVT transition state. The calculations of
the kinetic isotope effects were based on a single reaction path
using the methods outlined in refs 41, 49, and 50. The
POLYRATE program51 was used to calculate the rate coef-
ficients.

EXY
∞ )

X 3EX - Y 3EY

X 3 - Y 3
(1)
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In the present reaction, the two spin-orbit (SO) states2P3/2

(lowest) and2P1/2 of Cl having degeneracies of 4 and 2,
respectively, and separated by 882.3515 cm-1 (10.6 kJ mol-1)52

were included in the calculation of the electronic partition
function. To estimate the contribution of SO coupling to the
potential energy surface of the reaction SO matrix elements were
calculated for the stationary points obtained at the MP2/aug-
cc-pVTZ and RHF-RCCSD(T)/aug-cc-pVTZ levels of theory
using the Breit-Pauli Hamiltonian as implemented in the
MOLPRO 2002.6 program package.53 Wave functions for the
SO states were generated using MRCI with reference CASSCF
configurations only and the 6-311++G(3df, p) basis set.

The vibrational-rotational partition functions were assumed
to be separable, and the rotational partition functions were
approximated by their classical limit. The vibrational partition
functions were as a standard calculated within the harmonic
oscillator approximation for all modes. Alternatively, the force
constants of all modes were scaled in the calculations based on
the MP2/aug-cc-pVTZ MEP. The scaling factorc ) 0.8975
applied to the force constants was calculated according to54

where ν̃ i
exp are the experimental frequencies of vibration and

ν̃i
theo are the theoretically calculated frequencies of vibration

for the modes of HCHO, HCO, and HCl.

3. Results

We report results from a detailed computational study of the
HCHO + Cl reaction. First, we introduce the minimum energy
path and the stationary points in the reaction. Then we present
the energies of the stationary points at high levels of theory,
elucidating the barrier to the reaction: The electronic energies
referred to do not include the effects of the spin-orbit coupling
in the Cl atom. We then show how the electronically excited
states change during the reaction before turning attention to the
spin-orbit coupling in Cl and to the effect that this has on the
potential energy surface of the reaction. Finally we address
calculation of the reaction rate coefficient and the kinetic isotope
effects.

3.1. Stationary Points and Minimum Energy Path of
Reaction. The MEP connecting reactants and products was
computed using the IRC method.38,39 Figure 1 shows the
potential energy,VMEP, along the IRC calculated at the MP2/
cc-pVDZ, MP2/aug-cc-pVDZ, and MP2/aug-cc-pVTZ levels of
theory. The improved theoretical description of the reaction
system by enlarging the basis set lowers the barrier height and
flattens the shape of the potential energy surface. In addition to
the saddle point of the hydrogen abstraction reaction, we have
located a prereaction van der Waals adduct on the MEP. On
the product side of the MEP there is a postreaction van der
Waals adduct between HCO and HCl as already reported by
Beukes et al.9 They also reported the existence of a stable adduct
between the Cl atom and formaldehyde in which the Cl atom
is bonded to the oxygen atom of the carbonyl group. Our
calculations confirm the existence of this adduct. We find,
however, that it is not situated on the MEP of the reaction.

The stationary points on the MEP of the Cl reaction with
HCHO were optimized at several levels of theory. The structures
of the adducts and the saddle point are displayed in Figure 2,
while the structural parameters obtained at the different levels
of theory are listed in Table 1. Structure data for formaldehyde
and the products are available in Table S1 (Supporting Informa-
tion). When comparing the structural results for formaldehyde

and the reaction products with the experimental values55 (Table
S1) it is seen that the bond lengths in formaldehyde and
hydrochloric acid are calculated within a range of less than
(2.0 pm from the experimental values for all levels of theory
in agreement with the established error margins.56 For the formyl
radical the deviations are larger spanning a range between
-3.0 pm (CdO bond at the MP3/aug-cc-pVTZ level of theory)
and+5.5 pm (C-H bond at the RHF-RCCSD(T)/aug-cc-pVDZ
level of theory). Whereas the bond angles of formaldehyde are
described in close agreement with experimental data (largest
deviation-0.3°), the bond angle of the formyl radical deviates
between+4.3° and+5.5° in all calculations. The applied levels
of theory thus provide reasonable descriptions of the reactants
and products; the aug-cc-pVTZ and aug-cc-pVQZ basis sets
perform superior to the aug-cc-pVDZ basis set.

The structural parameters of the saddle point show noticeable
differences at the various levels of theory. The structure becomes
more and more reactant-like going from the MP2/aug-cc-pVDZ
to the RHF-RCCSD(T)/aug-cc-pVTZ levels of theory. A
comparison between the MP2/cc-pVDZ and the MP2/aug-cc-
pVDZ results shows that expanding the basis set by diffuse
functions shifts the saddle point toward the reactants on the
reaction path. This trend is continued when the basis set is
enlarged and/or the level of treatment of correlation effects is
improved. At the RHF-RCCSD(T)/aug-cc-pVTZ level of theory
the H‚‚‚Cl distance,R4, and the C‚‚‚H‚‚‚Cl angle,R3, deviate
considerably from the other results. An inspection of the
potential energy dependency on the C‚‚‚H‚‚‚Cl angle shows that
an increase of the angle up to 170° raises the electronic energy
by only 0.16 kJ mol-1, indicating a very loose character of the
transition state.

3.2. Energies of Stationary Points.The energies of the
stationary points relevant to the reaction are summarized and
compared to previous results in Table 2. The prereaction adduct
is stabilized by less than 4 kJ mol-1 whereas the energy of the
postreaction adduct lies approximately 10 kJ mol-1 below the
energy of the products. The calculated enthalpies of reaction

c ) ∑(ν̃ i
exp‚ν̃i

theo)/∑(ν̃i
theo)2 (2)

Figure 1. Potential energy along the minimum energy path,VMEP, as
resulting from MP2 IRC calculations employing the cc-pVDZ, aug-
cc-pVDZ, and aug-cc-pVTZ basis sets.
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are in reasonable agreement with the experimental value;54 the
deviations reflect what can be expected according to previous
investigations of the accuracy of ab initio calculated reaction
enthalpies.57 The MP2/aug-cc-pVXZ (X) D, T) reaction
enthalpies are in remarkably good agreement with experiment.
This may result from some error cancellation between the
approximateN-electron treatment and the basis-set incomplete-
ness as found by Helgaker and co-workers for atomization
energies,57 or it can be due to the fact that the basis set
superposition error (BSSE) and the basis set convergence error
are often of opposite signs as pointed out by Dunning.58 The
basis set extrapolation employed at the MP2/aug-cc-pVXZ (X
) T, Q) and MP4(SDTQ)/aug-cc-pVXZ//MP2/aug-cc-pVTZ (X
) Q, 5) levels of theory yields extrapolated energies less than
1.1 kJ mol-1 lower than those obtained with the highest basis
set cardinal number, indicating that the results are near the basis
set limit of the respective levels of theory.

A challenging issue in the reaction concerns the existence of
a barrier and, eventually, its height. An examination of the
Born-Oppenheimer barrier height evaluated at the saddle point,
∆Eq, relative to the energies of the reactants reveals that it
decreases with the increasing level of theory and that the saddle
point energy even becomes negative for geometry optimizations
at the RHF-RCCSD(T)/aug-cc-pVDZ level of theory and in
single-point energy calculations at the MP4(SDTQ)/aug-cc-
pV5Z and CCSD(T) levels of theory; see Table 2. The electronic
barrier height is clearly less than the so-called “chemical
accuracy” of approximately 4 kJ mol-1, an energy range thats
even for small systemssis difficult to address reliably in ab
initio calculations. For the loosely bound adducts and the saddle
point one may therefore expect the BSSE to be significant. To
estimate the magnitude of this effect, the BSSE was ap-
proximated by the counterpoise correction scheme of Galano
and Alvarez-Idaboy.59 They proposed an atom by atom scheme
where the intermolecular BSSE, associated with the A-B
interaction, is obtained by substracting the intramolecular BSSE
of the fragments from the intramolecular BSSE of the super-
molecule and considering every atom as a fragment in the
calculation of all of the intramolecular BSSE. This approach
decreases the reported counterpoise overcorrection of the A-B
interaction when calculating the BSSE by the conventionally
used counterpoise correction scheme of Boys and Bernardi.60,61

The results, included in Table 2, show that the effect cannot be

neglected in the present systemsaround 1 kJ mol-1 for the RHF-
RCCSD(T)/aug-cc-pVTZ calculationssbut its magnitude is
within the range of values reported for several similar sys-
tems.60,62,63The barrier height of the saddle point as resulting
from geometry optimization at the highest level of theory of
the present study (RHF-RCCSD(T)/aug-cc-pVTZ) changes from
-1.1 to +0.05 kJ mol-1 when correcting for the BSSE.
Although the basis set superposition error amounts to critical
values in the present system considering the barrier height of
the reaction, BSSE corrections were not included in the
subsequent calculations of reaction rates and kinetic isotope
effects because one has to take into account the basis set
truncation error, which is of the opposite sign. When comparing
the energies at the MP2/aug-cc-pVTZ level of theory and the
basis set extrapolated energies, MP2/EB43, in Table 2, it can be
seen that for the electronic energy of reaction,∆rxnE, and the
adduct on product side,∆Epost-adduct, the basis set truncation
error is larger than the BSSE, whereas for the barrier height,
∆Eq, and the electronic energy of the adduct on reactant side,
∆Epre-adduct, the basis set truncation error is in the range of the
BSSE.

Another indication of a barrier comes from the results of the
single-point energy multireference configuration interaction
calculations (MRD-CI); see also section 3.3. Whereas the
CCSD(T) single-point energy calculations based on the MP2/
aug-cc-pVXZ (X) D, T) geometries result in “negative barrier
heights”, the MRD-CI calculations give positive barrier heights,
an indication that a multireference treatment is necessary to
account for the complete configuration interaction along the
reaction path. The same is observed for the MRD-CI/aug-cc-
pVTZ calculations based on the RHF-RCCSD(T)/aug-cc-pVTZ
geometries: The barrier height of-1.1 turns into+0.7 kJ mol-1

in the MRD-CI calculation. Comparing the results of our MRD-
CI and RCCSD(T) calculations, one has to consider two
effects: size inconsistency and spin contamination. Spin
contamination and size inconsistency both overestimate the
barrier. To avoid the size inconsistency problem in the MRD-
CI calculations we did not use isolated reactants and products
but largely separated non-interacting reactants and products at
a distance of 20 Å in a supermolecular approach. In our
RCCSD(T) calculations spin contamination is not a problem
because a restricted wave function is used. The RCCSD(T)
model does not take into account nondynamical correlation

Figure 2. Structures of the (a) prereaction adduct, (b) the saddle point, and (c) the postreaction adduct in the reaction HCHO+ Cl f HCO + HCl.
The results from different levels of theory are given in Table 1.
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because a single-configuration wave function is used as basis
for the calculation of the dynamical correlation energy. MRD-
CI calculations are based on a multiconfiguration wave function
that is able to describe nondynamical correlation like it is present
in the HCHO+ Cl reaction where the reactants (considered in
a supermolecular approach) are threefold degenerate (see next
section) due to the SO splitting of the chlorine atom. At the
saddle point an avoided crossing can be observed as pointed
out in the next section, and spin-orbit coupling is not quenched
totally (see section 3.4). Therefore a multiconfigurational
treatment of the saddle point is supposedly more accurate than
the RCCSD(T) model that uses only a single-configuration wave
function. Additionally, RCCSD(T) is not variational, which
could lead to energies lower than the exact result for the
reactants and/or saddle point. Because of excluding the size
inconsistency of the MRD-CI model by applying the supermo-
lecular approach we assume that the energy calculations by the
MRD-CI model and consequently the barrier height at the MRD-
CI level of theory are more accurate than the results obtained
by the RCCSD(T) model.

3.3. Electronically Excited States.Figure 3 shows the
potential energy curves of the lowest six electronic states along
the minimum energy path of the HCHO+ Cl reaction. The
electronically excited states were calculated at the MRD-CI level
of theory for the stationary points, optimized at the RHF-
RCCSD(T)/aug-cc-pVTZ level of theory, and for three ad-
ditional values of the reaction coordinate (ú ) -2.7,ú ) +0.7,
and ú ) +1.3) along the MEP of the reaction obtained from
MP2/aug-cc-pVTZ calculations. The geometries of the stationary
points correspond to the structures given in Table 1 with
reference to Figure 2 and in Table S1. WithCs symmetry
throughout the MEP of the reaction, the electronic configuration
of the supermolecule is ...(3a′′)2(13a′)2(14a′)1. Formaldehyde
possessesC2V symmetry with an X1A1 ground state. In the
supermolecule the A1 and B1 states of formaldehyde correlate
with the A′ irreducible representation ofCs, while A2 and B2

states correlate with A′′. For the chlorine atom the2P3/2 states
correlate with A′, while the2P1/2 state, which is antisymmetric
with respect to reflection through the molecular plane, correlates
with A′′. At the reactant side (isolated HCHO+ Cl), the ground
state of the supermolecule is threefold degenerate, leading to
two A′ states (X1A1 of HCHO paired with2P3/2 of Cl) and one
A′′ state (X1A1 of HCHO paired with2P1/2 of Cl). The ground
state of the supermolecule is X2A′.

The lowest excitation of the reactants originates from the n
f π* transition in the CdO group of formaldehyde (corre-
sponding to the 13A2 state of HCHO). It is well-established that
this spin-forbidden transition is promoted by spin-orbit interac-
tions through the mixing of the 13A2 and 21A1 (π, π*) states
involving coupling of theRz component of the SO Hamilto-
nian.64 Investigations on the dissociation of formaldehyde show
that the 13A2 surface openssbesides the ground-state surfaces
the channel to H+ HCO via S1-T1 intersystem crossing.65,66

Our calculations place the transition at 3.76 eV (363 kJ mol-1,
330 nm), in reasonable agreement with experiments67,68 and
previous theoretical calculations.69,70Like the ground state, this
energetically lowest excitation is also threefold degenerate,
leading to one A′ and two A′′ states.

In the entrance channel on the reactant side the degenerate
states split. In parallel the Cl atom becomes loosely bound. The
12A′′ and 22A′ states originate from a transition of molecular
orbitals (MOs) dominated by the py and pz atomic orbitals (AOs)
of Cl into the highest occupied molecular orbital (HOMO),
which can be characterized by the px (Cl) AO with increasingT

A
B

LE
1:

S
tr

uc
tu

ra
lP

ar
am

et
er

s
a

of
th

e
S

ad
dl

e
P

oi
nt

,
th

e
P

re
re

ac
tio

n
A

dd
uc

t,
an

d
th

e
P

os
tr

ea
ct

io
n

A
dd

uc
t

in
th

e
R

ea
ct

io
n

H
C

H
O+

C
l

f
H

C
O

+
H

C
lb

tr
an

si
tio

n
st

at
e

ad
du

ct
on

re
ac

ta
nt

si
de

ad
du

ct
on

pr
od

uc
ts

id
e

le
ve

lo
ft

he
or

y
R

1
R

2
R

3
R

4
R

1
R

2
R

3
R

1
R

2
R

3
R

4
R

1
R

2
R

3
R

1
R

2
R

3
R

4
R

1
R

2
R

3

M
P

2/
au

g-
cc

-p
V

D
Z

1.
20

3
1.

11
4

1.
15

3
1.

91
8

12
4.

4
12

1.
6

17
0.

5
1.

22
4

1.
11

2
1.

11
2

3.
23

4
12

1.
8

12
1.

8
10

4.
8

1.
19

4
1.

12
7

2.
21

9
1.

29
9

12
4.

6
12

3.
1

17
3.

6
M

P
2(

fu
ll)

/c
c-

pV
D

Z9
1.

19
6

1.
11

8
1.

16
0

1.
90

1
12

5.
1

12
2.

3
17

0.
6

1.
19

0
1.

13
2

2.
32

1
1.

29
3

12
4.

5
12

9.
7

16
5.

8
M

P
2/

au
g-

cc
-p

V
T

Z
1.

19
6

1.
10

2
1.

13
8

1.
92

1
12

4.
3

12
1.

5
16

8.
4

1.
21

3
1.

10
1

1.
10

1
3.

23
4

12
1.

9
12

1.
9

10
5.

1
1.

18
3

1.
11

4
2.

19
7

1.
28

7
12

5.
0

12
1.

9
17

4.
1

M
P

2/
au

g-
cc

-p
V

Q
Z

1.
19

4
1.

10
1

1.
13

4
1.

94
6

12
4.

1
12

1.
4

16
6.

4
1.

20
9

1.
10

0
1.

10
0

3.
23

4
12

1.
9

12
1.

9
10

5.
1

1.
17

9
1.

11
3

2.
19

9
1.

28
6

12
5.

0
12

1.
9

17
4.

1
M

P
3/

au
g-

cc
-p

V
T

Z
1.

18
0

1.
10

1
1.

16
0

1.
80

3
12

5.
2

12
1.

4
17

1.
9

M
P

4(
S

D
T

Q
)/

au
g-

cc
-p

V
T

Z
1.

20
0

1.
10

7
1.

12
9

2.
05

3
12

3.
8

12
1.

1
16

5.
8

C
C

S
D

/a
ug

-c
c-

pV
T

Z
1.

19
0

1.
10

1
1.

14
6

1.
88

4
12

4.
3

12
1.

4
17

0.
6

1.
17

4
1.

11
5

2.
34

9
1.

28
4

12
5.

6
12

0.
8

17
1.

4
R

H
F-

R
C

C
S

D
(T

)/
au

g-
cc

-p
V

D
Z

1.
21

3
1.

11
5

1.
13

7
2.

08
7

12
3.

3
12

1.
4

16
7.

4
R

H
F-

R
C

C
S

D
(T

)/
au

g-
cc

-p
V

T
Z

1.
20

8
1.

10
3

1.
11

2
2.

34
4

12
2.

5
12

1.
4

15
5.

9
1.

21
1

1.
10

4
1.

10
4

3.
25

2
12

1.
6

12
1.

6
10

2.
3

1.
18

1
1.

11
8

2.
26

4
1.

28
8

12
5.

2
12

1.
8

17
2.

5

a
S

ee
F

ig
ur

e
1

fo
r

de
fin

iti
on

of
di

st
an

ce
s

an
d

an
gl

es
.

b
D

is
ta

nc
es

(R
x)

ar
e

gi
ve

n
in

ån
gs

tr
om

s,
an

d
bo

nd
an

gl
es

(
R

x)
in

de
gr

ee
s.

Cl Atom Reaction with Formaldehyde J. Phys. Chem. A, Vol. 112, No. 1, 200813



TABLE 2: Energetics of Stationary Points in the Reaction HCHO + Cl f HCO + HCl Relative to That of the Reactants

computational level ∆rxnEa/kJ mol-1 ∆rxnH0/kJ mol-1 ∆E‡/kJ mol-1 ∆Va
G‡/kJ mol-1 iω‡/cm-1 ∆Epre-adduct/kJ mol-1 ∆Epost-adduct/kJ mol-1

MP2/cc-pVDZ -42.3 -59.8 11.2 7.9 263.0 -2.3 -54.1
MP2(full)/cc-pVDZ9 -43.0 10.7 -54.9
MP2/aug-cc-pVDZ -46.9 -64.6 6.2 3.5 240.2 -3.6 -59.1
MP2(full)/aug-cc-pVDZ9 -48.0 4.4 262.0 -61.2
MP2/cc-pVTZ -50.3 -68.0 6.0 2.4 205.2 -2.4 -61.3
MP2/aug-cc-pVTZ -52.7 -70.3 3.5 (7.3) 0.3 (4.1) 197.5 -3.5 (-2.6) -64.4 (-63.0)
MP2/aug-cc-pVQZ -56.3 -74.0 3.3 -0.2 174.8 -3.3 -67.4
MP2/EB43 (aug-cc-pVTZ/aug-cc-pVQZ) -57.1 3.8 -3.3 -68.0
MP3/aug-cc-pVTZ -36.8 -54.8 9.4 1.3 359.0
MP4(SDTQ)/aug-cc-pVTZ -47.3 -64.9 0.5 -0.3 230.5
CCSD/aug-cc-pVTZ -36.5 -54.6 3.1 -2.2 116.9 -44.9
RHF-RCCSD(T)/cc-pVDZ -33.9 -51.9 6.7 1.2 142.5
RHF-RCCSD(T)/aug-cc-pVDZ -38.5 -56.5 -0.6 -0.04 239.9
RHF-RCCSD(T)/cc-pVTZ -40.2 -58.2 1.7 -1.3 73.3
RHF-RCCSD(T)/aug-cc-pVTZ -42.7 -60.4 -1.1 (0.05) -2.3 (-1.1) 104.0 -3.5 (-2.7) -52.9 (-52.5)
MP4(SDTQ)/aug-cc-pVTZ//MP2/aug-cc-pVDZ -47.4 -65.1 0.11 -2.6 -3.7 -59.0
CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVDZ -43.2 -61.3 -3.4 -6.1 -4.1 -53.2
MRD-CI/aug-cc-pVTZ//MP2/aug-cc-pVDZ -37.8 -55.5 4.7 2.0 -2.5 -58.8
MP4(SDTQ)/aug-cc-pVQZ//MP2/aug-cc-pVTZ -51.4 -68.9 0.05 -3.1 -3.5 -62.2
MP4(SDTQ)/aug-cc-pV5Z//MP2/aug-cc-pVTZ -53.7 -71.2 -0.15 -3.3
MP4(SDTQ)/EB54//MP2/aug-cc-pVTZ -54.7 -72.3 -0.32 -3.5
CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVTZ -43.6 -61.2 -5.2 (-1.4) -8.4 (-4.6) -3.6 (-2.7) -53.7 (-52.4)
CCSD(T)/aug-cc-pVQZ//MP2/aug-cc-pVTZ -47.5 -65.1 -5.9 -9.0
MRD-CI/aug-cc-pVTZ//MP2/aug-cc-pVTZ -54.5 -72.1 0.9 -2.3 -4.6 -61.2
MRD-CI/aug-cc-pVTZ//RHF-RCCSD(T)/aug-cc-pVTZ -44.2 -62.0 0.7 -0.5 -2.3 -52.5
experimental54 -65.3

a ∆rxnE is the Born-Oppenheimer (electronic) energy of reaction;∆rxnH0 is the enthalpy of reaction at 0 K;∆Eq is the Born-Oppenheimer barrier height evaluated at the saddle point;∆Va
G‡ is the

ground-state vibrationally adiabatic barrier height evaluated at the saddle point; iωq is the imaginary frequency of the saddle point;∆Epre-adduct is the electronic energy of the adduct on reactant side;
∆Epost-adduct is the electronic energy of the adduct on product side. All energies are relative to that of the reactants. Values in parentheses include a counterpoise correction.
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contributions of the sp2 (C) AO. This is illustrated in Figure 4
where the evolution of the charge density contours of the HOMO
(14a′) and the unoccupied orbital 15a′ along the reaction path
is displayed. These low-lying states correspond to a rotation of
the singly occupied Cl AO around they- andx-axes. The two
A′ states (rotation around they-axis) separate to avoid a crossing,
the energy of the2P3/2 (2Px) state is lowered (ground state X2A′),
and the energy of the2P3/2 (2Pz) state is increased (22A′). In the
entrance channel the 12A′′ state is energetically located between
X2A′ and 22A′. A similar splitting is found for the two upper
A′′ states corresponding to an avoided crossing of 22A′′ and
32A′′. These excitations correspond to an nf π* transition
mixed with a rotation of the singly occupied Cl AO around the
y-axis. The 32A′ state originates from aσC-H f σH-Cl transition.
Along the entrance channel the transition decreases in line with
the cleavage of the C‚‚‚H and the formation of the H‚‚‚Cl bond.

In the region of the saddle point toward the exit channel two
avoided crossings can be observed: (i) between 12A′′ and 22A′′
and (ii) between 22A′ and 32A′. 12A′′ in which the Cl AO is
rotated around thex-axis relative to the ground state correlates
with the exit channel leading to HCl (X1Σ+) + HCO (12A′′).
The excitation of the formyl radical 12A′′ r X2A′ corresponds
to an nf π* transition. The second avoided crossing occurs
between the states 22A′ and 32A′. Both states resemble excited
HCO (22A′ and 32A′) and HCl in its ground state (X1Σ+). In
the entrance channel the supermolecule with the2P3/2 (2Px) state
of Cl (X2A′) correlates with the products both being in the
ground state. The calculated excitation energies of HCO of 2.12
eV (205 kJ mol-1, 585 nm) (12A′′ r X2A′), 5.73 eV (553 kJ
mol-1, 216 nm) (22A′ r X2A′), and 6.18 eV (596 kJ mol-1,
201 nm) (32A′ r X2A′) are in reasonable agreement with
experiments71-73 and prior theoretical calculations.74

Figure 3. Calculated MRD-CI potential energy curves of the ground state and the lowest five excited states along the reaction path of formaldehyde
and chlorine. The vertical excitation energies were computed at RHF-RCCSD(T)/aug-cc-pVTZ geometries at the stationary points and at MP2/
aug-cc-pVTZ geometries at the nonstationary points atú ) -2.7,ú ) 0.7, andú ) 1.3 applyingCs symmetry for the system. On the reactant side
(left-hand side), the excitation energies are given with respect to the reactants; on the right-hand side, the energies can be read with respect to the
products.

Figure 4. Charge density contours of the HOMO (14a′) and the low-lying virtual orbital 15a′ along the reaction path.
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In the saddle point region where bond-breaking/formation
takes place, the electronic energy levels change dramatically.
For the saddle point on the RHF-RCCSD(T)/aug-cc-pVTZ
surface, MRD-CI calculations place the lowest electronically
excited states at 13.3 (12A′′) and 21.4 (22A′) kJ mol-1 above
the ground state.

In Figure 4 we present the evolution of charge density
contours of the highest occupied valence orbital HOMO (14a′)
and the low-lying virtual orbital 15a′ along the reaction path.
The lowest unoccupied molecular orbital (LUMO (3a′′) is of
A′′ symmetry and is therefore not included in Figure 4.
Structures I and VIII in Figure 4 correspond to the reactants
and products, respectively. Structure II corresponds to the
weakly bound adduct on the reactant side (Figure 2a), structure
IV is the transition state (Figure 2b), and structure VII represents
the adduct on the product side (Figure 2c). In addition, we have
included three points on the reaction path:ú ) -2.7,ú ) +0.7,
andú ) +1.3.

The existence of a barrier along the reaction path can be
understood from qualitative MO considerations. On the reactant
side (structure I in Figure 4), the HOMO (14a′) is of lone pair
character representing the 3p AO located at the chlorine center.
In the product structure (structure VIII in Figure 4) the
corresponding MO is the unoccupied 15a′, which again shows
lone pair character at the chlorine center. Both occupations lead
to A′ states. Consequently we observe an avoided crossing in
the saddle point region. While on the reactant (structure I) and
product sides (structure VIII) the nature of the MOs is of genuine
lone pair 3p AO (Cl) character, it can be seen that at the saddle
point (structure IV) the MO 14a′ is represented by an almost
equal linear combination of 3p AO (Cl) and sp2 (C). Furthermore
the 2p AO (O) is also involved. The HOMO on the reactant
side (structures II and III) again is dominated by 3p AO (Cl)
whereas the HOMO on the product side (structures V-VII)
shows an increasing influence of the OdC-H part. The finding
for MO 15a′ is similar: Going from structures I to VIII the 3p
AO (Cl) becomes more important in the linear combination.

3.4. Spin-Orbit Coupling. The spin-orbit coupling in the
Cl atom results in a splitting of the Cl atom ground configuration
into 2P3/2 and 2P1/2 states separated by 882.3515 cm-1.52 This
splitting changes during the reaction and should therefore be
included in the potential energy function. To estimate the
contribution of the SO coupling to the potential energy surface
of the reaction system we calculated the energy splitting due to
SO coupling at the stationary points and three additional
nonstationary points along the MEP. Assuming that SO coupling
is only relevant in the reactants’ region as found for the Cl+
HCl reaction system,75 the SO coupling will lower the asymp-
totic potential energy of the reactants by1/3 of the SO splitting
(294 cm-1, 3.5 kJ mol-1). On the MP2/aug-cc-pVTZ MEP the
calculations predict the SO coupling to lower the asymptotic
potential energy of the reactants by 3.3 kJ mol-1, in good
agreement with the a priori assumption of1/3 of the SO coupling
constant of Cl (3.5 kJ mol-1) and previous calculations on
similar systems.75,76 The same SO coupling is found in the
prereaction adduct. Figure 5 summarizes the calculated SO
coupling as a function of the reaction coordinate. At the reaction
coordinateú ) -2.7 the SO coupling lowers the energy by 2.3
kJ mol-1. At the saddle point there is still a SO coupling of 0.6
kJ mol-1 computed. Atú ) 0.7 the SO coupling decreases to
0.12 kJ mol-1 and finally vanishes atú ) 1.3, where the 12A′′
state strongly rises in energy.

Starting from the RHF-RCCSD(T) structures the SO coupling
results in the same values as for the MP2 structures for the

reactants, the pre-, and postreaction adducts as well as the
products, but it amounts to a lowering of 1.9 kJ mol-1 at the
saddle point. The lower excitation energy for the 12A′′ and 22A′
states and the larger SO coupling for the higher-level geometry
(RHF-RCCSD(T) compared to MP2) can be rationalized in
terms of differences in the structure of the saddle point; the
nature of the saddle point becomes more reactant-like going
from the MP2 to the RHF-RCCSD(T) level of theory.

The spin-orbit coupling was considered in the calculation
of the rate constants by increasing the electronic barrier height.
The excited spin-orbit states were only considered in the
electronic partition function of the chlorine atom. Assuming
adiabaticity, only the ground-state PES correlates to products;
nonadiabatic transitions to low-lying excited SO states in the
transition state (TS) region are not considered in our calculations.
Therefore the electronic partition function at the TS is set equal
to 2.

3.5. Absolute Rate Coefficients. As previously mentioned
an improved theoretical description of the reaction system by
enlarging the basis set lowers the barrier height and flattens the
shape of the potential energy surface. This trend is continued
by the dual-level reaction path dynamics leading to a barrier
height close to zero. Figure 6 shows the potential energy of the
minimum energy path,VMEP, for the reaction and the ground
state vibrationally adiabatic potential energy curve,∆Va

G, as a
function of the reaction coordinate,ú, calculated at the MP2/
aug-cc-pVTZ level of theory. The figure also includes the
corresponding curves corrected by the ISPE method using
single-point energy corrections from MP4/aug-cc-pVQZ cal-
culations and by the IOE method using geometry corrections
at the RCCSD(T)/aug-cc-pVTZ level of theory and energy
corrections from MRD-CI/aug-cc-pVTZ//RCCSD(T)/aug-cc-
pVTZ calculations. The curves result from an interpolation of
300 ab initio points with gradients and where the Hessians have
been computed at 100 of these points. The progressions of the
VMEP and ∆Va

G curves obtained by the IOE method differ
significantly from the curves of the MP2 model and the ISPE
dual-level method. This behavior results from the difference in
the energies of the postreaction adduct and products: At the
MRD-CI/aug-cc-pVTZ//RCCSD(T)/aug-cc-pVTZ level of theory,
the electronic energies of the postreaction adduct,∆Epost-adduct,
and the enthalpy of reaction,∆rxnH0, are 11.9 and 8.3 kJ mol-1,
respectively, higher than those at the MP2/aug-cc-pVTZ level

Figure 5. Calculated SO splitting in Cl as a function of the reaction
coordinate on the MP2/aug-cc-pVTZ MEP. See text for details on the
calculations.
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of theory, each relative to the energy of the reactants. At the
MP4/aug-cc-pVQZ//MP2/aug-cc-pVTZ level of theory that is
applied in the ISPE calculations, the differences are only+2.2
and +1.4 kJ mol-1 for ∆Epost-adduct and ∆rxnH0, respectively.
The generalized normal-mode frequencies of the system as a
function of the reaction coordinate are shown in Figure S1
(Supporting information). Not only the CH2-related modes in
formaldehyde are affected during the H abstraction reactions
the symmetric CH2 stretching mode at 2889 cm-1, the CH2

scissor mode at 1532 cm-1, and the CH2 rocking mode at 1263
cm-1 but also the CdO stretching mode (1907 cm-1) change
its character considerably in the intervalú ) 0-1.5.

Figure 7 shows Arrhenius plots of calculated rate coefficients
from different models of the HCHO+ Cl reaction. For
comparison the figure includes a plot of the recommended rate
coefficient including its uncertainty limits. Because SO coupling
present in the Cl atom becomes smaller during the reaction it
will contribute to the potential energy surface by effectively
increasing the barrier height. This was taken into account in
the calculation of the rate coefficients. For the IOE method the
barrier height for the energy corrections at the MRD-CI/aug-
cc-pVTZ//RCCSD(T)/aug-cc-pVTZ level of theory was in-
creased by 1.4 kJ mol-1, which is the net effect of the SO
coupling at the RCCSD(T)/aug-cc-pVTZ geometries. In the
ISPE model the barrier height was increased by 2.7 kJ mol-1

according to the SO coupling calculated for the MP2/aug-cc-
pVTZ geometries. The reaction enthalpy and the energy of the
postreaction adduct were also corrected for the effect of spin-
orbit coupling. This method of accounting for SO coupling in
dual-level calculations has proved to give reasonable results for
other reaction systems.76,77 As can be seen from Figure 7, the
consideration of SO coupling lowers the rate coefficients
significantly compared to the rates obtained by neglecting the
effect of SO coupling. For the IOE model the rate coefficients
are lowered by about 42% at 298 K and 28% at 500 K; for the
ISPE model the values are 63% and 46% at 298 and 500 K,
respectively.

The ICVT/SCT results based on the MP2 Hessians signifi-
cantly underestimate the rate coefficients for the reaction and
do not reproduce the temperature dependence correctly. The
shortfallen rate coefficients are not surprising because the
vibrational frequencies have been calculated within the harmonic
oscillator approximation, which is known to overestimate the
experimental frequencies. Scaling the force constants of all
modes by a factor of 0.8975 results in a considerable increase
of the rate constants for both the ISPE and the IOE model. For
the ISPE dual-level calculations, scaling of the force constants
results in rate coefficients that reproduce the experimental values
within the uncertainty limits.

Table 3 lists the calculated rate coefficients of the Cl reaction
with formaldehyde obtained from the IOE model, taking into
account the effect of SO coupling in comparison to experimental
data in the temperature range between 200 and 1500 K. In
addition, Table 3 includes the ratio of the reaction rates obtained
by conventional transition state theory and improved canonical
variational theory,kTST/kICVT, and the ratio of reaction rates
without and with consideration of small curvature tunneling in
the calculation,kICVT/kICVT/SCT for the IOE and the ISPE models.
An analysis of the numbers shows that variational effects are
significant in the HCHO+ Cl reaction, especially at low
temperatures. This effect is more pronounced for the ISPE
model. It is slightly lowered for both models when scaling of
the frequencies is applied.

Two effects with opposed consequences to the reactions rate
coefficients can be observed: (i) The vibrational frequencies
calculated within the harmonic oscillator approximation over-
estimate the experimental frequencies and normally generate
too large reaction rates within the TST model, representing the
upper bound of the rates. The inclusion of variational effects in
the calculation of rate coefficients, but still based on overesti-

Figure 6. Minimum energy path,VMEP, and vibrationally adiabatic
ground-state potential energy curve,∆Va

G, as a function of the reaction
coordinate,ú, for the reaction HCHO+ Cl f HCO + HCl calculated
at the MP2/aug-cc-pVTZ level of theory without and with dual-level
reaction path dynamics by interpolated single-point energies (ISPE)
and interpolated optimized energies (IOE) corrections. (All values are
relative those of the reactants.)

Figure 7. Arrhenius plot of calculated and experimental rate coef-
ficients for the reaction HCHO+ Cl f HCO + HCl; (filled upward
triangles) ICVT/SCT with MP2/aug-cc-pVTZ data, (open diamonds)
ICVT/SCT with ISPE including SO coupling, (open downward
triangles) ICVT/SCT with ISPE, (open upward triangles) ICVT/SCT
with IOE including spin-orbit (SO) coupling, (filled squares) ICVT/
SCT with ISPE including SO coupling and scaled force constants
(scaling factor) 0.8975), (open squares) ICVT/SCT with IOE including
SO coupling and scaled force constants (scaling factor) 0.8975), (filled
diamonds) ICVT/SCT with IOE, (filled downward triangles) TST with
MP2/aug-cc-pVTZ data, (filled circles) ICVT/SCT with ISPE and scaled
force constants (scaling factor) 0.8975), (open circles) ICVT/SCT
with IOE and scaled force constants (scaling factor) 0.8975), (ss)
Atkinson et al.8 evaluation of reference data with uncertainty limits.
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mated vibrational frequencies, leads to a lowering of the reaction
rates. (ii) To account for the deficiency in frequencies the force
constants were scaled, presumably leading to a more correct
description of the system within the variational transition state
theory and consequently to improved reaction rate coefficients.
However, the error due to the harmonic approximation depends
on temperature and therefore is of minor importance at 200 K
but still present. The anharmonic vibrational calculation along
the reaction path could supposedly correct for this insufficiency;
however, presently these calculations are too expensive at a
proper level of theory.

The second parameter accounted for in our calculations
employing ICVT is the small curvature tunneling (SCT). The
factor analysis in Table 3 shows relatively small contributions
of SCT to the rate coefficients that are more pronounced in the
lower-temperature range.

3.6. Kinetic Isotope Effects.The 13C, 18O, and2H kinetic
isotope effects in the Cl reaction with HCHO at room temper-
ature are given in Table 4, in which the KIEs calculated with
conventional TST and ICVT/SCT are compared to experimental
results. The corresponding calculated KIEs in the temperature
range of 200-1500 K are available in Tables S2-S6 (Support-
ing Information). The reaction rate coefficients were obtained
by IVTST-M/ISPE and IVTST-M/IOE including the effect of
SO coupling. The two models applied for the calculation of the
rate coefficients result in a differentiated pattern of the KIEs.
For the IOE model the experimental values of the deuterated
KIEs, KIE(HCHO/DCDO) and KIE(H13CHO/DCDO), are re-
produced well when applying the ICVT/SCT method in

combination with scaling of frequencies or only the TST
method. The employment of unscaled frequencies lowers the
KIEs significantly, resulting in an inverse KIE(HCHO/HCDO).
The KIEs, KIE(HCHO/DCDO) and KIE(H13CHO/DCDO),
obtained by the ISPE model are significantly higher compared
to the IOE model and experimental values. The scaling of
frequencies further increases the KIEs. For the KIE(HCHO/
HCDO) the calculations with the ISPE model provide values
in good agreement with experiment. In comparison to the IOE
model, no inverse KIEs are observed for the ISPE model
spanning the whole temperature range of 200-1500 K. The
same can be said for the TST model without any dual-level
corrections (Tables S2-S6). The experimental KIE(H12CHO/
H13CHO) can be reproduced by none of the models. All
calculations except those applying the ICVT/SCT ISPE model
with scaling of the frequencies predict inverse KIEs in the range
from 200 to 400 K for the13C KIE, in contradiction to
experimental measurements. For the KIE(HCH16O/HCH18O)
only the IOE model predicts KIEs> 1 in admissible agreement
with the experimental value.

An investigation of the rate constants for the different
isotopologues (Tables S7-S11, Supporting Information) show
considerable variational contributions in all models. These
contributions are larger for the ISPE model than for the IOE
model. Significant tunneling effects are only observed in the
low-temperature range (about up to 300 K); they are, however,
circumstantial for all isotopologues and models compared to
the variational effects. The scaling of frequencies lowers the
variational effect resulting in larger KIEs compared to the results

TABLE 3: Absolute Reaction Rate Constants,k, in Units of 10-11 cm3 Molecule-1 s-1 and Ratios of Rate Constants for HCHO
+ Cl f HCO + HCla

IOE ISPE

kICVT/SCT kTST/kICVT kICVT/kICVT/SCT kTST/kICVT kICVT/kICVT/SCT

T/K kexperiment
8 unscaled scaled unscaled scaled unscaled scaled unscaled scaled unscaled scaled

200 6.92 1.07 1.58 2.779 2.072 0.972 0.968 4.312 3.462 0.964 0.954
223 7.04 1.26 1.91 2.463 1.790 0.986 0.974 3.497 2.785 0.972 0.963
250 7.16 1.49 2.32 2.190 1.559 0.987 0.978 2.876 2.256 0.981 0.976
298 7.32 1.93 3.09 1.890 1.309 0.990 0.984 2.211 1.841 0.986 0.977
350 7.44 2.45 3.69 1.690 1.236 0.988 0.989 1.811 1.605 0.989 0.985
400 7.53 2.97 4.29 1.549 1.185 0.993 0.993 1.561 1.462 0.991 0.988
500 7.66 3.98 5.55 1.419 1.129 0.995 0.995 1.362 1.285 0.994 0.993
600 4.87 6.9 1.387 1.093 0.998 0.997 1.254 1.184 0.995 0.995
700 5.81 8.3 1.367 1.070 0.998 0.998 1.186 1.122 0.998 0.997
800 6.8 9.7 1.352 1.052 0.999 0.998 1.140 1.079 0.998 0.997
900 7.8 11.2 1.343 1.045 0.999 1.000 1.108 1.054 0.998 0.998

1000 8.9 12.7 1.337 1.056 0.999 0.992 1.083 1.048 0.999 1.000
1500 15.0 20.5 1.313 1.078 1.000 1.000 1.023 1.040 1.000 1.000

a The reaction rates are obtained with unscaled vibrational frequencies and with scaling of the force constants by a factor of 0.8975, both within
the harmonic approximation. Abbreviations: IOE, interpolated optimized energies; ISPE, interpolated single-point energies; TST, conventional
transition state theory; ICVT, improved canonical variational transition state theory; SCT, small-curvature tunneling.

TABLE 4: Kinetic Isotope Effects, r ) klight/kheavy, in the Reaction of Formaldehyde with Chlorine at 298 Ka

ISPE IOE

ICVT/SCT ICVT/SCT

isotopologues unscaled scaled TST unscaled scaled experiment

HCHO/DCDO 1.646 1.810 1.367 1.043 1.198 1.302( 0.0149, 1.31( 0.0110, 1.35( 0.151

HCHO/HCDO 1.253 1.318 1.128 0.998 1.069 1.201( 0.00210

H12CHO/H13CHO 0.986 1.005 0.992 0.985 0.997 1.058( 0.00710, 1.07( 0.039

H13CHO/DCDO 1.669 1.802 1.379 1.059 1.420 1.217( 0.0259

HCHO/HCH18O 1.000 1.000 1.011 1.016 1.016 1.08( 0.0110

a The reaction rates are obtained by direct variational transition state theory with interpolated single-point energies (ISPE) and interpolated
optimized energies (IOE) dynamics calculations based on electronic structure information at the MP2/aug-cc-pVTZ level of theory as explained in
the text. In both models the force constants are scaled by a factor of 0.8975 to correct the vibrational frequencies within the harmonic approximation.
KIEs calculated with conventional transition state theory (TST) and improved canonical variational transition state theory with small-curvature
tunneling (ICVT/SCT) are compared with experimental measurements.
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obtained without scaled frequencies. The perdeuterated KIEs
of the IOE model with scaled frequencies are in better agreement
with experimental values than the same KIEs obtained by the
ISPE model. Because the H/D kinetic isotope effect is one of
the largest due to the mass ratio of 2, the accuracies of these
KIEs are sensitive indicators of the quality of the vibrationally
adiabatic ground-state potential energy curve,Va

G(s). The
variational effect is significantly lowered in the DCDO+ Cl
f DCO + DCl reaction compared to the reaction of Cl with
HCHO. In the ISPE model the variational effects are much
higher than in the IOE model. The reduction of this effect in
the reaction of the perdeuterated species is significantly larger
in the ISPE model than in the IOE model, resulting in higher
perdeuterated KIEs. The good agreement of the KIE(HCHO/
DCDO) for TST in the IOE model is an indication for a low
level of variational effects in the reaction system. In the IOE
model the vibrationally adiabatic ground-state potential energy
curve, Va

G(s), is affected not only by energy corrections and
the scaling of the frequencies but additionally by the corrections
of higher-level geometries. In the present case the scaling of
frequencies on the higher-level geometry-correctedVMEP results
in vibrationally adiabatic ground-state potential energy curves
for all isotopologues, which result in improved KIEs compared
to unscaled frequenecies. However, the agreement with experi-
ment is not satisfactory for all KIEs. Sellevåg et al.78 obtained
in their study on13C and deuterium isotope effects in the Cl
and OH reaction of CH4 and CH3Cl also unsatisfactory results
when scaling the Hessians in the ISPE model. We therefore
concur with Sellevåg et al.78 that merely scaling of frequencies
is too crude a way of incorporating anharmonicities, and care
should be exercised in the interpretation of such results.

To analyze the KIEs in more detail, a factor analysis as
described in refs 79 and 80 was performed but limited to
investigations of the variational effect and the tunneling
contribution only

The tunneling contribution is given asηtun )
κSCT(light)/κSCT(heavy), i.e., the ratio of the tunneling factors
for the light and the heavy isotopologue; the variational effect
is given asηvar ) KIEICVT/KIETST, i.e., the ratio of the KIEs
calculated using variational and conventional transition state
theory.

Starting with the12C/13C KIE, the factor analysis shows that
the variational effect is slightly dominating at low temperatures
when using the ISPE model (ηvar(200 K) ) 0.98). For the IOE
model the variational and tunneling effects are of almost the
same magnitudes; see Table S14, Supporting Information. None
of the models predicts the KIE sufficiently large and accurate.
Only the ISPE model with scaled frequencies gives KIEsg 1
in the temperature range>250 K. A similar behavior can be
found for the 16O/18O KIE; the variational effect slightly
dominates the KIE in all models (Table S16, Supporting
Information). But only calculations based on the IOE model
give KIEs > 1 of which the KIE obtained at 298 K, KIE-
(HCH16O/HCH18O) ) 1.016, compares to the experimental
value of 1.08( 0.01.10 For both of the12C/13C and16O/18O
KIEs there are no noteworthy tunneling contributions to the
KIEs. A large variational effect is found for KIE(HCHO/DCDO)
in both models employing unscaled as well as scaled frequen-
cies, viz.ηvar(200 K) ) 0.647 and 0.651 andηvar(298 K) )
0.767 and 0.893, respectively, for the IOE model andηvar(200

K) ) 0.649 and 0.667 andηvar(298 K) ) 0.777 and 0.893,
respectively, for the ISPE model (Table S12, Supporting
Information). The calculations show tunneling effects to be of
minor importance (Tables S12-S18). However, in all models
an unexpected tunneling contribution,ηtun < 1, is observed,
especially for the deuterium KIEs (Tables S12 and S13). An
inspection of Tables 3 and S7 (Supporting Information) shows
that the tunneling contribution,kICVT/kICVT/SCT, is larger for the
C-D abstraction reaction than that for the C-H abstraction
reaction and that it increases toward lower temperatures where
tunneling becomes more important. Normally one expects
tunneling to be more important for the lighter hydrogen than
for deuterium. In a low-barrier reaction an isotopic substitution
changes the vibrationally adiabatic ground-state potential energy
curve,∆Va

G, in a relatively drastic way, resulting in different
tunneling probabilities. A comparison of the dynamic bottleneck
of the reaction for the hydrogen and deuterium reactions shows
that at low temperatures (223-400 K) the bottleneck changes
from ú ) -0.5 for the hydrogen reaction toú ) -0.1 for the
deuterium reaction for all models applied. This is illustrated
for the ISPE model in Figure S2 (Supporting information). Such
a drastic shift in the bottleneck position is not observed for the
13C and18O substituted reactions. The changes in the∆Va

G curve
and the shifted dynamic bottleneck resulting in a different
vibrational force field near the dynamic bottleneck apparently
lead to larger tunneling probabilities for the C-D abstraction
reaction compared to the C-H abstraction reaction. Obviously,
the small curvature tunneling approximation used in the present
study is not able to describe the tunneling properly; the “corner
cutting effect” for this reaction takes place over a larger part of
the reaction swath than the SCT approximation is able to
describe.46,47,81

4. Discussion

The existence of a barrier along the reaction pathsin addition
the one resulting from SO coupling in the Cl atomscan be
understood from qualitative considerations of MO theory and
from our multireference configuration interaction treatment. As
outlined in section 3.3. the analyses of the HOMO and the
LUMO+1, which are both of A′ symmetry, underline the
existence of an avoided crossing in the transition state region.
The results of our MRD-CI calculations are in line with these
qualitative MO considerations: The leading configuration (c2

) 0.87-0.92) for the A′ state on the reactant side corresponds
to 3p AO (Cl), while the leading configuration on the product
side (c2 ) 0.85-0.9) corresponds to a linear combination
involving sp2 (C) AO. This underlines the existence of an
avoided crossing resulting in the barrier to reaction.

Furthermore, the MRD-CI calculations place two electroni-
cally excited states, namely, 12A′′ and 22A′, considerably low
lying at the saddle point. Spin-orbit coupling has a non-
negligible effect on the ground-state PES in the saddle point
region. A comparison of the barrier height,∆Eq, and the energy
of the well on the product side,∆Epost-adduct, (Table 1) at the
MP2/aug-cc-pVTZ and MRD-CI/aug-cc-pVTZ//MP2/aug-cc-
pVTZ levels of theory shows that the net effect of SO coupling
compensates for the incomplete description at the MP2 level
compared to the MRD-CI treatment. On the MP2/aug-cc-pVTZ
MEP the net effect of SO coupling, i.e., the difference between
the SO coupling for reactants and the saddle point, increases
the barrier height by 2.7 kJ mol-1. The exit channel, that is, the
postreaction adduct and the products, is affected by an increase
of 3.3 kJ mol-1. At the RHF-RCCSD(T)/aug-cc-pVTZ level of
theory the net effect of SO coupling decreases to 1.4 kJ mol-1

KIE )
klight

kheavy
) ηtransηrotηvibηtunηvar ∝ ηtunηvar (3)
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at the saddle point. The present results contrast reports for
reactions of chlorine with H276 and HCl,75 in which the effect
of SO coupling is negligible at the saddle point.

Calculations of thermal reaction rate coefficients are, by
nature, very sensitive to the precise barrier height of the potential
energy surface. This dependency is to a large extent cancelled
in the KIE calculations. However, KIEs are sensitive to the shape
of the potential energy surface, especially the barrier width and
the vibrational force field near the dynamical bottleneck.
Because the SO coupling in the Cl atom has little influence on
the shape of the barrier77 the KIEs are much less affected by
this than the rate constants. The calculations of KIEs showed
that only a variational optimization of the location of the
dynamical bottleneck, the position of which differs from one
isotopologue to the other, will produce KIEs in reasonable
agreement with experiment. Due to the large mass ratios
between hydrogen and deuterium, calculations involving these
species are particularly affected by the change in the zero-point
vibrational energy along the reaction coordinate. IOE dual-level
calculations with energy and geometry corrections at a higher
level of theory showed how sensitive the KIEs are to changes
in the PES and, consequently, to the vibrationally adiabatic
ground-state potential energy curve. The variational effects in
the rate constants were remarkably reduced compared to the
ISPE calculations in which only energy corrections are applied.
The scaling of frequencies leads to a reduction of the variational
effects in the ICVT/SCT model, resulting in larger KIEs
approaching the values obtained by conventional TST. Truhlar
and co-workers performed a critical evaluation of dual-level path
dynamic methods42 on three hydrogen-transfer reactions. In their
study, the IOE model proved to give more accurate rate
constants compared to the results of the ISPE model. However,
they did not perform calculations of KIEs.

The tunneling approximation appliedsthe SCT models
underestimates the real tunneling probability, which is often
supposed to be large for heavy-light-heavy hydrogen-transfer
reactions with a large reaction path curvature and small skew
angles such as in the present reaction. The factor analysis of
the KIEs pointed to an inappropriate consideration of tunneling
effects, resulting in unexpected tunneling contributions,
ηtun < 1.

Studies82,83of reactions with barriers to reaction close to zero
have indicated that the shift of the generalized transition state
from the saddle point (s ) 0) in the application of canonical
variational theory is strongly affected by the partition functions
of stretching and bending modes. Consequently, the calculation
of accurate reaction rates and KIEs requires an appropriate and
correct description of vibrational frequencies along the minimum
energy path including anharmonicities. Introducing scaling of
the force constants to account for anharmonicity resulted in
reaction rate coefficients in good agreement with experiment.
The KIE(HCHO/DCDO) was calculated to be in better agree-
ment with experiment for the IOE model whereas the agreement
got worse in the ISPE model by introducing this approximation.

For reactions with low barriers, the assumption of a single
dividing surface (or bottleneck) becomes invalid for a canonical
ensemble. The ICVT model gives a better treatment of this by
minimizing the number of vibrational-rotational states at the
generalized transition state but only up to the microcanonical
variational threshold energy.84

Finally, it should be mentioned that the shape of the PES is
likely to change with a full multireference configuration
interaction treatment of the bond-breaking process, thus affecting

the KIEs. However, such a treatment is beyond reach with
today’s methods and computing facilities.

5. Conclusions

The main results of the present quantum chemistry study of
the Cl atom reaction with formaldehyde are:

(a) The hydrogen-transfer reaction is characterized by a
minimum energy path on an extremely flat potential surface on
the reactant side via a very small barriersexcluding the SO
coupling in the Cl atom our best estimate of this barrier is
0.7 kJ mol-1 at the MRD-CI/aug-cc-pVTZ//RHF-RCCSD(T)/
aug-cc-pVTZ level of theory. Qualitative MO considerations
indicate an avoided crossing at the saddle point on the minimum
energy path between reactants and products and the demand
for a multireference configuration interaction method to calculate
the correct barrier height. The MRD-CI calculations place two
excited states energetically low lying at the saddle point. Thus,
SO coupling is not negligible in the transition state region,
resulting in a net increase in the barrier height by only 1.4 kJ
mol-1 instead of 3.5 kJ mol-1 had the SO coupling been
negligible at the saddle point.

(b) The calculated reaction rate coefficients based on the MP2/
aug-cc-pVTZ minimum energy path with RCCS(T)/aug-cc-
pVTZ geometry and MRD-CI/aug-cc-pVTZ//RCCSD(T)/aug-
cc-pVTZ energy corrections (IOE model) at the stationary points
within the improved canonical variational transition state
approximation with small curvature tunneling underestimates
the experimental values by factors of 2.9 and 1.4 at 200 and
500 K, respectively. Further, a significant temperature depen-
dency is predicted that is in contrast to experiment. Introducing
a scaling of the force constants of all modes yields reaction
rates in reasonable agreement with experiment. A factor analysis
of the reaction rate coefficients shows almost no tunneling
contribution. Consideration of the SO coupling effect results in
rate coefficients that are about one-third to one-half lower
compared to neglecting SO coupling and fail to reproduce the
correct temperature dependency.

(c) Reasonable KIEs are obtained in calculations based on
the IOE model with scaled frequencies. The present results are
in all cases a considerable improvement compared to the results
reported from simple TST calculations by Beukes et al.9 The
employment of scaled frequencies leads to increased KIEs for
the two dual-level methods applied in this study. In the ISPE
model the perdeuterated KIEs are overestimated. The13C KIE
is correctly predicted>1 at 298 K only by the ISPE model
with scaled frequencies. The factor analysis of the KIEs shows
unexpectedηtun < 1, suggesting an inappropriate consideration
of the tunneling contribution, especially for the H/D KIEs.

Variational transition state theory can explain the observed
KIEs to a certain extent. A more sophisticated treatment of
anharmonicities and an improved potential energy surface that
accounts for the multiconfigurational character of the reaction
path will further improve the good results obtained in this study.
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Supporting Information Available: Generalized normal-
mode vibrational frequencies as a function of the reaction
coordinate,ú, for the reaction HCHO+ Cl f HCO + HCl
(Figure S1), vibrationally adiabatic ground-state potential energy
curves for the reactions HCHO+ Cl f HCO+ HCl and DCDO
+ Cl f DCO + DCl with the position of the bottlenecks of
the reactions at 298 K indicated (Figure S2), bond characteristics
of reactants and products (Table S1), KIEs in the temperature
range of 200-1500 K for KIE(HCHO/DCDO) (Table S2), KIE-
(HCHO/HCDO) (Table S3), KIE(H12CHO/H13CHO) (Table S4),
KIE(H13CHO/DCDO) (Table S5), and KIE(HCH16O/HCH18O)
(Table S6), absolute reaction rate constants and ratios of rate
constants for DCDO+ Cl (Table S7), DCHO+ Cl (Table S8),
HCDO + Cl (Table S9), H13CHO + Cl (Table S10), and
HCH18O + Cl (Table S11), and factor analysis of the KIE
HCHO/DCDO (Table S12), HCHO/HCDO (Table S 13),
HCHO/H13CHO (Table S 14), H13CHO/DCDO (Table S15), and
HCHO/HCH18O (Table S16). This material is available free of
charge via the Internet at http://pubs.acs.org.
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