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Unrestricted second and fourth order Møller-Plesset perturbation theory (MP2 and MP4), density functional
theory (B3LYP and BHandHLYP), coupled cluster (CCSD(T)), and quadratic configuration interaction (QCI)
calculations have been performed using both the 6-311++G(d,p) and 6-311++G(2d,2p) basis sets, to study
the OH hydrogen abstraction reaction from formic acid. A complex mechanism involving the formation of a
very stable prereactive complex is proposed, and the rate coefficients are calculated over the temperature
range 296-445 K, using classical transition state theory. The following expressions, in L mol-1 s-1, are
obtained for the acidic, for the formyl, and for the overall temperature-dependent rate constants:kI ) (1.37
( 0.40)× 107 exp[(786( 87)/T], kII ) (5.93( 1.39)× 108 exp[(-1036( 72)/T], andk ) (5.28( 2.35)
× 107 exp[(404( 125)/T], respectively. An extremely large tunneling factor results for the acidic path, as a
consequence of the presence of a high and narrow effective activation barrier. The contribution of the formyl
path to the overall rate coefficient, as well as the magnitude of the tunneling effect, explain the observed
non-Arrhenius behavior.

Introduction

It has been reported that formic acid (HCOOH) is the most
abundant carboxylic acid in the troposphere.1 In wet deposition,
along with acetic acid, it accounts for up to 18% of the total
acidity in rain in some places.2 Major sources of formic acid
include direct emissions of biogenic byproducts and the
photochemical oxidation of volatile organic compounds (VOCs).
Some authors have reported that biogenic sources represent
anywhere from 55 to almost 100% of the atmospheric formic
acid,3,4 depending on the urbanization of the area in question.
Recently, it was demonstrated that under natural conditions the
exchange of volatile acids between leaves and air is stimulated
by light and, to a lesser degree, by temperature.5,6 For example,
greater quantities of formic acid are released in the morning
than at nighttime. HCOOH is also formed by ozonolysis of
several alkenes including ethene, propene, and isoprene.7,8 Other
suggested sources of formic acid are the photochemical pro-
cesses that occur during long-range transport of anthropogenic
hydrocarbons, in particular formaldehyde.9

The main chemical sink for atmospheric formic acid is the
reaction with the hydroxyl radical. A complex reaction mech-
anism that includes two reaction channels has been suggested
from experimental work:

The kinetic studies of Wine et al.,10 Jolly et al.,11 and Singleton
et al.12 indicate that, at room temperature, the reaction pathway
involving the abstraction of the acidic hydrogen (I) is dominant

over the abstraction of the formyl hydrogen (II). The data from
these studies are consistent and in good agreement with the
room-temperature rate constant reported by Dagaut et al.13 and
are about 40-50% larger than the Zetzsch and Stuhl value.14

However, all of them predict that, within experimental uncer-
tainty, the temperature dependence of the rate coefficient is
nearly zero.

Isotopic studies performed by Singleton et al.12 showed that
substitution of the acidic H by D has a very dramatic effect on
the reactivity, whereas a similar substitution at the formyl group
does not influence the reaction rate. These results suggest that
the interaction between the OH radical and the acidic hydrogen
is considerably stronger than the one between OH and the formyl
hydrogen. However, the estimated rate constants for the direct
abstraction of the formyl hydrogen of normal and deuterated
formic acid are 2.4× 107 and 0.41× 107 L mol-1 s-1,
respectively, corresponding to about 9-11% of the observed
total rate coefficients. Thus, the formyl hydrogen abstraction
makes a small but significant contribution to the overall rate
constant, and it should be taken into account.

Wine et al.10 have suggested that the reaction mechanism is
complex, based on their findings of a zero or slightly negative
activation energy and a lack of isotope effect for the DCOOH
+ OH reaction. Jolly et al.11 have discussed several reaction
paths, including direct abstraction of the formyl and the acidic
hydrogen. They also proposed a mechanism in which OH forms
a hydrogen-bonded complex with formic acid, followed by
transfer of the hydroxylic hydrogen within the adduct:

The strength of the hydrogen bond interactions between OH
and the target molecule is responsible for the magnitude of the
prereactive complex stabilization. In the case of the HCOOH
+ OH reaction, a large stabilization of the prereactive complex
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is expected to occur. The importance of these complexes in
several radical-molecule bimolecular reactions has been de-
scribed, for example in the case of the reactions of the OH
radical with alkenes,15 toluene,16 aldehydes,17 and, more recently,
amino acids.18 The existence of the prereactive complex may
be at the origin of a large tunneling effect.17 Indeed, the adiabatic
energy barrier for a bimolecular hydrogen (deuterium) transfer
process, if such a complex were not formed, would be lower,
and consequently, the tunneling effect would also be smaller.

Singleton et al.12 found a zero Arrhenius activation energy
for the HCOOH+ OH reaction and a small positive value for
DCOOD+ OD. The difference in the temperature dependence
of the rate coefficients between the normal and deuterated formic
acid with OH could be explained if a more important tunneling
effect were found for reaction path (I) than for the abstraction
from the formyl group (reaction II). The curvature of the
Arrhenius plot is generally an indication that tunneling must
be taken into account.

It is also interesting to point out that experimental results
indicate that the rate coefficient of the HCOOH+ OH reaction
is approximately 10 times smaller than the one for the HCHO
+ OH reaction.19,20Because the measured activation energy of
HCHO + OH is about zero, one would expect a larger and
positive Ea value for HCOOH+ OH, in disagreement with the
experimental values.10,12

The need for a quantum mechanical study of the mechanism
of the HCOOH+ OH has been pointed out in experimental
works.11,12 Electronic molecular calculations of the potential
energy surface along the different reaction channels may be
performed. They could explain why the abstraction of the
hydrogen atom from the acidic group is predominant over
abstraction from the formyl group, although the C-H bond
strength is weaker than the O-H bond strength by about 14
kcal/mol. They might also explain why the activation energy
of the HCHO+ OH is larger than the one for HCOOH+ OH.

In this work, the gas-phase reaction mechanism of the OH
hydrogen abstraction from formic acid is studied using accurate
quantum chemistry methods. Energy profiles are calculated
along two possible paths corresponding to reactions I and II.
The Arrhenius parameters, tunneling corrections, and rate
constants are obtained and compared with the experimental data.
The efficiency of different approximation levels of theory is
also tested.

Methodology

Electronic structure calculations have been performed with
the Gaussian 9821 program using the B3LYP and BHandHLYP
hybrid HF-density functionals, as well as the ab initio MP2,
MP4(SDQ), and QCISD methods with the 6-311++G(d,p) and
6-311++G(2d,2p) basis sets. Restricted calculations were used
for closed shell systems, and unrestricted ones were used for
open shell systems. All stationary points were fully optimized
using the methods cited above and the 6-311++G(d,p) basis
set, except with the MP2 method, in which case the larger
6-311++G(2d,2p) basis set was used. Single-point CCSD(T)
energy calculations were also performed at the 6-311++G-
(2d,2p) level of theory, at several optimized geometries.

Frequency calculations were carried out for all of the
stationary points at the DFT and MP2(FC) levels of theory.
Local minima and transition states were identified by the number
of imaginary frequencies (NIMAG) 0 or 1, respectively). Zero-
point energies (ZPE) and thermal corrections to the energy
(TCE) at 298.15K were included in the determination of
activation energies and heats of reaction, respectively.

Because unsatisfactory results were obtained with the B3LYP
and MPn methods for the HCOO radical, calculations were also
performed using the Gaussian-3 (G3) theory.22 The latter is the
third in a series of Gx methods for the calculation of molecular
energies. It is a composite technique in which a sequence of
well-defined ab initio molecular orbital calculations is per-
formed, to arrive at the total energy of a given molecular species.
In this method, geometries are determined using second-order
Møller-Plesset perturbation theory. Correlation level calcula-
tions are done using Møller-Plesset perturbation theory up to
fourth-order and quadratic configuration interaction. Large basis
sets, including multiple sets of polarization functions, are used
in the correlation calculations.

The heats of reaction were also calculated using the ROMP2
method, because unstable wave functions were obtained with
all of the spin unrestricted methods.

The rate coefficients were calculated using conventional
transition state theory (CTST) implemented in the Rate 1.1
program.23 The vibrational partition functions were corrected
by replacing some of the large amplitude vibrations by the
corresponding hindered internal rotations. Because the HCOOH
+ OH reaction has a relatively high barrier and it is studied at
room temperature, the above methodology should be adequate
to describe it. In this work, tunneling corrections were calculated
with an asymmetric Eckart function barrier. It is assumed that
neither mixing nor crossover between different pathways occurs.
Thus, the overall rate constant (k), which measures the rate of
OH disappearance, can be determined by summing the rate
coefficients calculated for the two pathways.24

The temperature dependence ofk was also studied, and
Arrhenius parameters were determined.

Results and Discussion

Geometries.The geometries of reactants, reactant complexes,
transition states, and products were fully optimized using all
the tested methods. Except for transition states, the stationary
point geometries do not show a strong dependence on the
optimization method (Table 1). All of them are shown in Figure
1, optimized at MP4/6-311++G(d,p). It can be observed that
the acidic reactant complex (RC(I)) is stabilized by two hydrogen
bonds: one between the H atom of the COOH group and the O
of the OH radical and the other between the carboxylic oxygen
of the acidic group and the H of the OH radical. The first one
is slightly stronger than the second one (Figure 1). In the formyl
reactant complex (RC(II)), only one hydrogen bond interaction
occurs, between the H of the OH radical and one of the oxygen
atoms of the acidic group.

With all of the tested methods, hydrogen bond-like interac-
tions that stabilize the transition state structures were found
(Figure 1). This interaction is stronger for TS(I) than for TS(II),
because the H‚‚‚O distance in the former is about 1 Å shorter
than in the latter. In all cases, the structure of the formyl
transition state (TS(II)) was found to be planar. The acidic

TABLE 1: Relevant Coordinates of the Reactant Complexes
(RC) Optimized with Different Methods and the
6-311++G(d,p) Basis Seta

coordinate B3LYP BH&HLYP MP2 MP4 QCISD

RC(I)

r(HCOOH-OH) 1.76 1.98 1.94 2.06 2.02
r(H2COO-HO) 2.37 2.01 2.00 2.48 2.43

RC(II)

r(H2COO-HO) 2.04 1.99 2.07 2.10 2.10

a For the MP2 method, the 6-311++G(2d,2p) was used.
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transition state (TS(I)) is described as planar by the MP2, MP4,
and QCISD optimization methods but not by the DFT ones.
Both hybrid density functional methods predict a dihedral angle
OHOH of about 90° (Table 2). The possible planar structure
was also modeled within the DFT formalism, and it was found
that these methods describe it as a second-order saddle point;
that is, two imaginary frequencies are found. In the same way,
the nonplanar TS(I) structure is described as a second-order
saddle point by the MPn methods tested in this work. This
contradiction suggests that one of the structures is an artifact

of the calculation. According to the results reported here, it
seems that the DFT methods do not describe this transition state
structure correctly.

Following refs 25 and 26, theL parameters for acidic and
formyl hydrogen abstractions are defined as

and

In these equations,δr(OH) and δr(CH) represent variations,
along both channels, in the bond distance between transition
states and reactants for the bond that is breaking, whereas
δr(HO) is the variation in the bond distance between transition
states and products for the bond that is being formed. A value
of L greater than 1 indicates that the transition state structure is
product-like. All of the tested methods, with the exception of
B3LYP (Table 2), predictL(O) > 1 andL(C) < 1. In general,
the better the optimization method, the largerL is, and this trend
is more significant for the HCOO-H abstraction than for the
H-COOH. Consequently, the acidic abstraction should be
endothermic and the formyl one exothermic, according to these
results and to the Hammond Postulate.

Energies. Total electronic energies, zero point vibration
corrections (ZPE), and thermal corrections to the energy (TCE)
at 298.15 K of all of the stationary points are given in Table 3
parts a and b, for all of the methods employed in this work.

Relative energies, in kcal/mol, of the acidic and formyl
channels of the HCOOH+ OH reaction are shown in Table 4.
The high stabilization energies for both abstraction paths (E-1

and E-3) show, unambiguously, that the mechanism of this
reaction is complex. The reaction path takes place in two steps,
the first one leading to the formation of the prereactive complex
(or reactants complex, RC) and the second one yielding the
corresponding radical and water. The equations representing the
two different channels are the following:

In Table 4, the stabilization energy of the prereactive complex
for channel I (acidic hydrogen abstraction) is seen to be higher
than for channel II (formyl abstraction), as expected from the
interactions described in the previous section. Most of the
methods predict an acidic stabilization of about 4.8 kcal/mol
and a formyl stabilization of about 1.8 kcal/mol, suggesting
that, in the RC(I), the two hydrogen bond interactions are not
additive but rather synergetic. The largest stabilization is
predicted at the PMP2 level, being the energy gap between RC(I)

and the isolated reactants of 6.14 kcal/mol. The magnitude of
any of these stabilizations is large enough to cause a significant

Figure 1. Geometries of the stationary points of the OH hydrogen
abstraction reaction from formic acid, optimized at the MP4/6-
311++G(d,p) level.

TABLE 2: Relevant Coordinates of the Transition
Structures, L Parameters, and Imaginary Frequencies
(cm-1)a

coordinate B3LYP BH&HLYP MP2 MP4 QCISD

TS(I)

r(OH) 1.19 1.22 1.17 1.18 1.21
r(HO) 1.23 1.17 1.13 1.13 1.12
a(OHO) 155.45 154.30 155.38 159.45 158.92
d(OHOH) 86.52 88.04 0.00 0.00 0.00
L(O) 0.81 1.20 1.17 1.24 1.55
νi -1357.7 -1983.6 -3171.8

TS(II)

r(CH) 1.16 1.24 1.20 1.22 1.22
r(HO) 1.48 1.26 1.31 1.29 1.30
a(CHO) 177.14 175.26 170.73 173.91 175.42
d(CHOH) 0.00 0.00 0.00 0.16 0.02
L(C) 0.12 0.48 0.32 0.37 0.35
νi -174.4 -1896.2 -2319.3

a Both the geometry optimizations and frequency calculations were
performed with the different methods using the 6-311++G(d,p) basis
set. For the MP2 method, the 6-311++G(2d,2p) basis set was used.

L(O) )
δr(OH)

δr(HO)
(1)

L(C) )
δr(CH)

δr(HO)
(2)

Acidic Abstraction

Step A: HCOOH+ OH• {\}
k1

k-1
[HCOOH‚‚‚OH•] (Ia)

Step B: [HCOOH‚‚‚OH•] 98
k2

HCOO• + H2O (Ib)

Formyl Abstraction

Step A: HCOOH+ OH• {\}
k3

k-3
[OH•‚‚‚HCOOH] (IIa)

Step B: [ OH•‚‚‚HCOOH]98
k4

H2O + •COOH (IIb)
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increase of the tunneling effect, with respect to the one we
would expect if the prereactive complexes were not taken into
account. All of the methods predict that the effective activation
energy of the acidic path (Ea(I)

eff ) is higher than the correspond-
ing one for the formyl path (Ea(II)

eff ).
In general, the difference between the calculated values, along

the two paths, increases as the level of theory improves. The
calculated values ofEa(I)

eff vary from 4.3 to 7.0, whereas those
for Ea(II)

eff go from 2.96 to 4.63 kcal/mol. They are in agreement
with the O-H and C-H bond strengths but differ considerably
from the experimental Arrhenius activation energies,Ea(I)

Exp )
0.2 kcal/m andEa(II)

Exp ) 1.2 kcal/mol, reported in ref 12.
Moreover, the calculated values are in contradiction with a
bond energy-bond order calculation by Jolly et al.,11 predicting
Ea(I)

Exp < Ea(II)
Exp by about 1-2 kcal/mol. It is also in contradiction

with the isotopic study by Singleton et al.,12 which proved
unambiguously that substitution of the acidic H by D had a
much more important effect on the rate of the reaction than
substitution at the formyl hydrogen.

The cause of these apparent contradictions is, in our opinion,
3-fold:

(i) The mechanism of the OH+ HCOOH reaction is complex,
with a first step leading to the formation of a very stable
prereactive complex in equilibrium with the reactants, followed
by a second step corresponding to the hydrogen abstraction.

(ii) The two different channels may occur simultaneously.
(iii) The effective height of the energy barriers is considerably

larger than the one obtained in the direct bimolecular reaction,
because both prereactive complexes are very stable. Thus,
significant tunneling effects can be expected to occur.

The calculation of the rate coefficients of the hydrogen
abstraction paths and the determination of their respective weight
in the overall reaction, as well as a temperature dependence
study, could explain the experimental results.

Concerning the heats of the reactions (Table 5), all of the
methods predict both reaction paths to be exothermic. The
calculated G3 heats of reaction are found to be∆H(I) ) -6.72
and ∆H(II) ) -17.52 kcal/mol. The difference between the
theoretical heats of reaction of the two channels is in good
agreement with the experimental relative strength of the C-H
and O-H bonds: the bond dissociation energy of O-H is about
14 kcal/mol larger than the C-H one (92.6 and 106.6 kcal/
mol, respectively).27 The experimental heats of reaction obtained
from the corresponding heats of formation are∆H(I) ) -12.7
and ∆H(II) ) -27.7 kcal/mol.27 Recent data28 for the formyl
channel lead to∆H(II) ) -28.02 kcal/mol. No direct experi-
mental data are available for the heat of formation of HC(O)O,
but Benson has given an estimate of its magnitude.27 An

TABLE 3: Total Energies (E), Zero-Point Energy Correction (ZPE), and Thermal Correction to the Energy (TCE) at 298.15 K,
in Hartrees, for the Two Channels in the Hydrogen Abstraction Reaction from Formic Acid by OH Radicals

HCOOH OH RC(I) RC(II) TS(I) TS(II)

a. Total Energies (E)
CCSD(T)/6-311++G(2d,2p) -189.4339474 -75.6148928 -265.0579950 -265.0538019 -265.0416431 -265.0417534
//B3LYP/6-311++G(d,p)
CCSD(T)/6-311++G(2d,2p) -189.4329023 -75.6148704 -265.0587562 -265.0534065 -265.0410952 -265.0397777
//BH&HLYP/6-311++G(d,p)
PMP2/6-311++G(2d,2p) -189.4064063 -75.5991671 -265.0187309 -265.0105340 -264.9923932 -264.9937925
//MP2/6-311++G(2d,2p)
PMP4/6-311++G(2d,2p) -189.4396847 -75.6152020 -265.0636900 -265.0599140 -265.0424500 -265.0445460
//MP4/6-311++G(d,p)
CCSD(T)/6-311++G(2d,2p) -189.4340631 -75.6149061 -265.0583297 -265.0539747 -265.0358597 -265.0401453
//MP2/6-311++G(2d,2p)
CCSD(T)/6-311++G(2d,2p) -189.4340326 -75.6149176 -265.0581391 -265.0539468 -265.0356069 -265.0404624
//MP4/6-311++G(d,p)
CCSD(T)/6-311++G(2d,2p) -189.4340278 -75.6149175 -265.0582813 -265.0539480 -265.0356971 -265.0403600
//QCISD/6-311++G(d,p)

b. Zero Point Energy Correction (ZPE) and
Thermal Correction to the Energy (TCE) at 298.15 K

B3LYP/6-311++G(D,p) ZPE 0.033705 0.008457 0.045448 0.043940 0.041931 0.041497
TCE 0.036876 0.010818 0.050784 0.049358 0.046338 0.046916

BH&HLYP/6-311++G(d,p) ZPE 0.035257 0.008844 0.047332 0.046345 0.044235 0.040820
TCE 0.038393 0.011204 0.052689 0.052440 0.048417 0.046209

MP2/6-311++G(2d,2p) ZPE 0.033978 0.008702 0.046048 0.044750 0.040515 0.039724
TCE 0.037150 0.011062 0.051392 0.050959 0.045041 0.045119

TABLE 4: Relevant Barriers, Including the ZPE (kcal/mol)

E-1 E2 Ea(I)
eff E-3 E4 Ea(II)

eff

CCSD(T)/6-311++G(2d,2p) 3.68 8.05 4.37 2.00 6.03 4.03
//B3LYP/6-311++G(d,p)
CCSD(T)/6-311++G(2d,2p) 4.86 9.14 4.27 2.13 5.08 2.96
//BH&HLYP/6-311++G(d,p)
PMP2/6-311++G(2d,2p) 6.14 13.06 6.91 1.81 7.35 5.54
//MP2/6-311++G(2d,2p)
PMP4/6-311++G(2d,2p) 4.50 10.94 6.44 1.84 6.49 4.63
//MP4/6-311++G(d,p)
CCSD(T)/6-311++G(2d,2p) 4.85 11.72 6.87 1.84 5.52 3.68
//MP2/6-311++G(2d,2p)
CCSD(T)/6-311++G(2d,2p) 4.74 11.76 7.01 1.84 5.31 3.47
//MP4/6-311++G(d,p)
CCSD(T)/6-311++G(2d,2p) 4.83 11.79 6.96 1.84 5.37 3.53
//QCISD/6-311++G(d,p)

TABLE 5: Heats of Reaction, Including the TCE
Corrections (kcal/mol) at 298.15 K

∆HI ∆HII

CCSD(T)/6-311++G(2d,2p) -4.80 -17.29
//B3LYP/6-311++G(d,p)
CCSD(T)/6-311++G(2d,2p) -3.16 -18.88
//BH&HLYP/6-311++G(d,p)
PMP2/6-311++G(2d,2p) -10.85 -23.52
//MP2/6-311++G(2d,2p)
PMP4/6-311++G(2d,2p) -7.48 -20.13
//MP4/6-311++G(d,p)
CCSD(T)/6-311++G(2d,2p) -4.25 -18.84
//MP2/6-311++G(2d,2p)
CCSD(T)/6-311++G(2d,2p) -2.81 -18.82
//MP4/6-311++G(d,p)
CCSD(T)/6-311++G(2d,2p) -2.09 -17.41
//QCISD/6-311++G(d,p)
G3 -6.43 -19.36
ROMP2 -14.87 -23.81
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alternative way to estimate the heat of formation of HC(O)O is
to assume that the O-H bond dissociation energy of formic
acid is the same as the one for acetic acid.29 The IUPAC
thermochemistry section28 reports heats of formation of acetic
acid and CH3C(O)O radical, which result in an O-H bond
dissociation energy of 105.8 ((1) kcal mol-1. The use of this
O-H bond dissociation energy for the formic acid system leads
to ∆H(I) ) -13.0 kcal/mol.

The calculated heats of reaction are not in good agreement
with the values obtained from the experimental heats of
formation, with the exception of those calculated at the PMP2/
6-311++G(2d,2p)//MP2/6-311++G(2d,2p) level, which are
∆H(I) ) -10.85 kcal/mol and∆H(II) ) -23.52 kcal/mol.
Apparently, the problem has to do with the inability of the
unrestricted methods to properly describe theC2V structure of
one of the products: the formyloxyl (HCOO) radical. Difficul-
ties were encountered when trying to optimize its geometrical
parameters. It was observed that unrestricted methods applied
to the HCOO radical yield wave functions that are unstable,
and the calculations do not converge to the correct product. Such
a behavior, known as symmetry breaking or doublet instability,
has been observed in other highly symmetric radical structures,
and it has been extensively studied for the formyloxyl radical.30-40

In an effort to improve our results, a restricted open MP2
calculation ROMP2/6-311++G(2d,2p) was performed, and the
ROMP2 energy for the HCOO radical turned out to be
appreciably lower than the one obtained with UMP2. Taking
the corresponding geometry as a starting point, new UMP2
calculations were performed, but the wave function was found
to be unstable. For that reason, in the calculation of the tunneling
effect described below, we used the ROMP2 energy gap between
RCII and the corresponding products.

We noticed above that the transition state for acidic abstrac-
tion is product-like, and according to the Hammond postulate,
we should expect∆H(I) > 0. The Hammond postulate works
best when the force constant matrixes associated with the
reactants and products in an elementary process are not very
different,41-44 which is not the case. In addition, although it
applies to most chemical reactions, some failures have been
reported.45-48

Reaction profiles for both channels are shown in Figure 2.
They show that the overall activation energy for the formyl

abstraction is considerably lower than the one for the acidic
abstraction. In addition, the energy release is larger for channel
II. According to these features, the formyl channel should be
predominant, in contradiction with the experimental results. Only
a large difference in the tunneling effects across the two barriers
could explain the observed experimental results. Indeed, because
the barrier along the acidic reaction path is higher and narrower
(as suggested by a much larger imaginary frequency, Table 2),
the tunneling factor is expected to be considerably larger for
path I than for path II. This could lead to the acidic rate
coefficient being larger than the formyl one.

Kinetics. According to the complex mechanism proposed
above, both channels involve a fast preequilibrium between
reactants (R) and the prereactive complexes (RCI and RCII),
followed by the elimination of a water molecule. A steady-state
analysis applied to the prereactive complexes leads to the
following rate coefficient for the overall reaction (k):

The combined rate coefficient could present a non-Arrhenius
behavior. Nevertheless each reaction path could still be Arrhe-
nius-type.

BecauseE1 andE3 are equal to zero, the net activation energy
of each abstraction path (EaI and EaII) is

whereER, ERCI, ERCII, ETSI, andETSII are the total energies of
the reactants, prereactive complexes, and transition states,
respectively.

The rate coefficients for the acidic and formyl abstraction
may be expressed as

where Keq are the equilibrium constants,Q is the partition
functions,κ2 andκ4 are the tunneling factors, andkB andh are
the Boltzmann and Planck constants, respectively.

The tunneling effects, the rate coefficients, and the formyl
branching ratio for the OH hydrogen abstraction reaction from
formic acid are reported in Table 6, as obtained with all of the
methods used in this work. The activation energies include the
ZPE correction. The ratiosQTSI/QR andQTSII/QR of the Gaussian
output have been corrected to take into account internal rotations.

The tunneling factor depends on the abstraction site and on
the method of calculation. Whenκ is calculated from DFT
results its value is much lower than when it is calculated from
MP2 results (Table 6). This difference is mainly due to the fact
that DFT predicts imaginary frequencies at the transition states
that are appreciably lower than the ones obtained with the MP2
formalism. With the exception of DFT methods, the acidic
tunneling corrections are huge,κ2 is of the order of 103, whereas
for the formyl path,κ4 is also quite large compared to standard

Figure 2. Reaction profiles of the acidic and formyl abstraction, at
the PMP4/6-311++G(2d,2p)//MP4/6-311+G(d,P) level.

k ) kI + kII )
k1k2

k-1
+

k3k4

k-3
(3)

EaI ) E2 - E-1 ) (ETSI
- ERCI

) - (ER - ERCI
) )

ETSI
- ERI

(4)

EaII ) E4 - E-3 ) (ETSII
- ERCII

) - (ER - ERCII
) )

ETSII
- ERII

(5)

kI ) KeqI‚k2 ) κ2

kBT

h

QTSI

QR
e-(ETSI-ER)/RT ) κ2Ae-EaI/RT (6)

kII ) KeqII‚k2 ) κ4

kBT

h

QTSII

QR
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values, about 50 at the MP4 level (see Table 6). Theκ2 value
calculated at PMP2 level is about two times larger than those
obtained at other level of calculations, because of PMP2 RC(I)

stabilization is about 2 kcal/mol larger than those predicted by
all of the other tested methods. Two features of the barrier of
the acidic hydrogen abstraction path are responsible for its very
large tunneling factor: (i) its height when the reactant complex
is taken into account (it is larger, for the acidic path, by about
6 kcal/mol) and (ii) the larger imaginary frequency of this path
(3171.8 cm-1 compared to 2319.3 cm-1 at the MP2 level), which
yields a relatively narrow barrier.

The one-dimensional Eckart potential barriers of paths I and
II that have been used to calculate the tunneling factorsκ2 and
κ4 are shown in Figure 3. We used the following Eckart function,
V(x):

where

In the formulas above,E* is the ZPE corrected barrier height,
EReact is the ZPE energy of each reactant,ν* is the imaginary
frequency at the transition state,µ is the scaling mass (set equal
to 1.0 amu in this work),A andB are independent parameters,
x0 determines the location of the maximum ofV(x) along thex
axis (it was set atx ) 0), andâ is a range parameter.

Multidimensional semiclassical zero- and small-curvature
tunneling methods,49 denoted as ZCT and SCT, respectively,
were also used in order to verify the reliability of the Eckart
tunneling calculation. These methods require geometry, energy,
gradient, and Hessian information along the minimum energy
path (MEP). The ZCT method restricts the tunneling path to
the MEP, whereas the SCT method allows the tunneling path
to cut corners because of the reaction path curvature. The SCT
approach is expected to offer the most accurate treatment of
tunneling. Unfortunately, because of the instability of the
products wave function discussed above, the IRC calculation
does not work properly at the highest levels of calculation, with
the number of points being too small to perform a reliable
multidimensional tunneling calculation. As a compromise, a 200
point IRC was obtained at the HF/STO-3G level of theory, and
new transmission coefficients were calculated for the acidic path
at 298.15 K using the kinetic programs available online at the
Virtual Lab site.50 The valuesκZCT ) 3.818× 104, κSCT ) 8.913

TABLE 6: Tunneling Factors, Rate Coefficients, and Formyl Branching Ratio (ΓII ) at 298.15 K, and Arrhenius Parameters
over the Temperature Range 296-445 K

κ2 κ4

k(I)

(L mol-1 s-1)
k(II)

(L mol-1 s-1)
k ) k(I)+ k(II)

(L mol-1 s-1) EaArr A ΓII

CCSD(T)/6-311++G(2d,2p) 8.3 1.0 3.36× 106 2.91× 105 3.65× 106 2.77 7.31× 109 0.08
//B3LYP/6-311++G(d,p)
CCSD(T)/6-311++G(2d,2p) 91.5 18.8 4.08× 107 2.85× 107 6.93× 107 1.22 2.00× 109 0.41
//BH&HLYP/6-311++G(d,p)
PMP2/6-311++G(2d,2p) 14251.8 52.7 1.98× 108 1.91× 107 2.17× 108 -0.80 5.28× 107 0.08
//MP2/6-311++G(2d,2p)
PMP4/6-311++G(2d,2p) 4647.9 35.9 1.42× 108 5.98× 107 2.02× 108 0.36 3.58× 108 0.30
//MP4/6-311++G(d,p)
CCSD(T)/6-311++G(2d,2p) 8063.6 13.9 1.20× 108 1.16× 108 2.36× 108 0.08 8.26× 108 0.49
//MP2/6-311++G(2d,2p)
CCSD(T)/6-311++G(2d,2p) 8108.5 20.5 9.46× 107 2.43× 108 3.38× 108 0.74 1.15× 109 0.72
//MP4/6-311++G(d,p)
CCSD(T)/6-311++G(2d,2p) 8281.7 21.2 1.07× 108 2.27× 108 3.34× 108 0.69 1.04× 109 0.68
//QCISD/6-311++G(d,p)
exp (2.78( 0.47)× 108 a -0.20c 1.75× 108 c 0.08-0.15c

(2.97( 0.17)× 108 b

(2.69( 0.17)× 108 c

(2.23( 0.24)× 108 d

(2.71( 1.12)× 108 e

a Reference 10.b Reference 11.c Reference 12.d Reference 13.e Reference 20.

V(s) ) AY
1 + Y

+ BY

(1 + Y)2
+ V0 (8)

Y ) ex-x0/â (9)

A ) V(x ) +∞) - V(x ) -∞) (10)

B ) (2E* - A) + 2xE*(E* - A) (11)

V0 ) ∑EReact (12)

x0 ) -â ln(A + B
B - A) (13)

â ) x-
2E*(E* - A)

µ(ν*) 2B
(14)

Figure 3. Unidimensional Eckart barriers of the acidic and formyl
abstraction, obtained using the PMP4/6-311+G(2d,2p)//MP4/6-311++G-
(d,p) energy values and the imaginary frequencies calculated at the
MP2/6-311++G(2d,2p) level.
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× 104, andκEckart ) 5.912× 104 were obtained. It can be seen
that the Eckart tunneling factor lies between those obtained using
multidimensional methods. These results are even higher than
those reported in Table 6, probably because of the poor level
of calculation used to obtain the MEP, but they certainly suggest
that the Eckart approach is reliable enough for the HCOOH+
OH reaction over the studied temperature range. Similar results
on a different reaction that also presents a substantial energy
barrier, were previously reported by Truong.51

The formyl branching ratio (ΓII ) kII /k) is also reported in
Table 6 for all of the methods used in this work. According to
the experimental results reported by Singleton et al.,12 this ratio
should be about 0.08-0.15. The PMP4ΓII suggests that at this
level of theory our acidic rate coefficient is slightly underesti-
mated, whereas the PMP2ΓII shows the best agreement with
the experimental results.

The rate coefficients at 298.15 K (Table 6) show a good
agreement between the calculated values and the experimental
ones, with the exception of the DFT methods. Taking into
account the calculated overall rate coefficients as well as the
branching ratios the best description of the kinetics of the
HCOOH + OH reaction is obtained at the PMP2/6-311++G-
(2d,2p)//MP2/6-311++G(2d,2p) method. The finding that DFT
rate coefficients are too low suggests that in the geometry
discrepancy discussed above are the DFT structures which are
not correct.

The finding that PMP2 and PMP4 results agree better than
the CCSD(T) ones with the experiment may be partially
explained by the fact that, in the first case, spin contamination
is eliminated by projection. Also, geometries have not been
optimized at the CCSD(T) level. The values of〈S2〉 obtained
with all of the methods employed in this work are reported in
Table 7. It can be seen that, in the systems studied here, spin
contamination is never very large.

There is an important difference between the Arrhenius
activation energy, which corresponds to the temperature de-
pendence of the overall rate constant, and the activation energies
of each step of the complex mechanism, which only depend on
the energies of the stationary points involved. Consequently,
they may not have similar values. The mechanism of the
HCOOH+ OH reaction proposed in this work is complex, and
the activation energy of the second step is appreciably positive,
which explains why the reaction is not diffusion-controlled.

The temperature dependence of the rate coefficients (k, kI,
andkII) for the HCOOH+ OH reaction was also studied (Table
6). The calculated Arrhenius parameters show the best agree-
ment with the experimental values at PMP2/6-311++G(2d,2p)//

MP2/6-311++G(2d,2p) and PMP4(SDTQ)/6-311++G(2d,2p)//
MP4(SDQ)/6-311++G(d,p) levels of calculation. The Arrhenius
plots are shown in Figure 4. The energies and frequencies used
were obtained at the PMP2/6-311++G(2d,2p) level of calcula-
tion. The two parameter equation for the overall rate coefficient
is k ) (5.28 ( 2.35)× 107 exp[(404( 125)/T] L mol-1 s-1.
This expression shows a weak temperature dependence, with
an activation energy which is slightly negative, and in good
agreement with the previously reported ones.10,12 In addition,
the best fit for the acidic and the formyl channels were found
to bekI ) (1.37 ( 0.40) × 107 exp[(786( 87)/T] and kII )
(5.93 ( 1.39) × 108 exp[(-1036 ( 72)/T] L mol-1 s-1,
respectively. According to these results, the Arrhenius activation
energy for the formyl abstraction is 1.09 kcal/mol higher than
the one for the acidic abstraction, in perfect agreement with
the results in ref 11 an 12.

To evaluate the influence of the errors in the heat of reaction
on the kinetic parameters, these were recalculated at the PMP2/
6-311++G(2d,2p)//MP2/6-311++G(2d,2p) level, and the ex-
perimental heats of reactions were used in the tunneling
calculations (Table 8). Our results suggest that the discrepancies
in the values of the∆H’s have a very small influence on the
kinetic parameters and that the methodology used in this work
is reliable.

The fact that the experimental Arrhenius activation energy
of the HCOOH+ OH reaction is smaller than the one for

TABLE 7: 〈S2〉 Values before Projection

S2

CR(I) CR(II) TS(I) TS(II)

CCSD(T)/6-311++G(2d,2p)//B3LYP/6-311++G(d,p) 0.758 0.756 0.762 0.765
CCSD(T)/6-311++G(2d,2p)//BH&HLYP/6-311++G(d,p) 0.756 0.756 0.770 0.787
PMP2/6-311++G(2d,2p)//MP2/6-311++G(2d,2p) 0.756 0.756 0.785 0.779
PMP4/6-311++G(2d,2p)//MP4/6-311++G(d,p) 0.757 0.756 0.793 0.783
CCSD(T)/6-311++G(2d,2p)//MP2/6-311++G(2d,2p) 0.757 0.756 0.788 0.779
CCSD(T)/6-311++G(2d,2p)//MP4/6-311++G(d,p) 0.757 0.756 0.793 0.783
CCSD(T)/6-311++G(2d,2p)//QCISD/6-311++G(d,p) 0.757 0.756 0.802 0.782

Figure 4. Temperature dependence ofk, kI, andkII , at the PMP2/6-
311++G(2d,2p)//MP2/6-311++G(d,P) level.

TABLE 8: Comparison between Kinetic Parameters Obtained at the PMP2/6-311++G(2d,2p)//MP2/6-311++G(2d,2p) Level,
Using Calculated and Experimental Heats of Reaction

κ2 κ4

k(I)

(L mol-1 s-1)
k(II)

(L mol-1 s-1)
k ) k(I)+ k(II )

(L mol-1 s-1) EaArr A ΓII

calculated∆H’s 14251.8 52.7 1.98× 108 1.91× 107 2.17× 108 -0.80 5.28× 107 0.08
experimental∆H’s 15580.1 51.9 2.16× 108 1.88× 107 2.35× 108 -0.91 4.81× 107 0.08
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HCHO + OH can be explained as a consequence of the
unusually large tunneling effect of the formic acid reaction. The
formaldehyde+ OH hydrogen abstraction is also a complex
reaction, involving the formation of a reactants complex. In this
reaction, the stabilization energy of the complex is about 3 kcal/
mol, with the value depending on the method of calculation.17

The corresponding value for the acidic channel of the OH+
formic acid reaction is 4.8 kcal/mol. However, the tunneling
factor in the HCHO+ OH reaction is only 5.7 at the CCSD-
(T)/6-311++G(d,p)//MP2(FC)6-311++G(2d,2p) level, to be
compared withκ2 ) 8063.6 (Table 6).

Additionally, the fact that the rate coefficient of the OH
abstraction from formaldehyde is about 1 order of magnitude
larger than that from formic acid despite their very similar
Arrhenius activation energy can be justified by the larger
preexponential factor (A) of the former one. The difference in
theA’s can be explained by the existence of a looser transition
structure of the aldehyde,17 which causes an entropic factor for
this reaction larger than the corresponding one for abstraction
from formic acid. In addition, both of the apparent activation
energies are alike because of the very large tunneling in the
formic abstraction, whereas the energy barriers are quite
different. Not only does this tunneling decrease dramatically
the activation energy but it also reduces the preexponential
factor. The conjunction of all of these features may explain the
difference betweenk(formaldehyde) andk(formic acid).

The calculated activation energies are very different from the
Arrhenius experimental ones. Yet, our results offer a plausible
explanation for the observed experimental behavior, based on
the existence of a very stable prereactive complex, which gives
rise to a large and narrow effective barrier, especially in the
acidic abstraction. As a consequence, the tunneling correction
is remarkably high. That the O-H bond is stronger than the
C-H one is in agreement with the higher activation energy
obtained for the hydrogen abstraction from the OH group.
Nevertheless the acidic path is more likely to occur than the
formyl one because the former has both a higher preexponential
factor and a much larger tunneling effect. Thus, the acidic rate
coefficient is substantially larger than the formyl one.

Conclusions

Two competitive channels for the OH hydrogen abstraction
reaction from formic acid have been considered, corresponding
to abstraction of either the acidic or the formyl hydrogen atom.
In agreement with experimental results, the former is found to
contribute more to the overall rate constant. Yet, the existence
of the two channels explains the observed non-Arrhenius
behavior of the reaction.

Both paths are complex reactions. Each of them consists of
a barrierless first step leading to the formation of a prereactive
complex, followed by a second step, involving a relatively high
activation energy to yield the products. For the acidic channel,
the reactant complex is found to be considerably more stable
than for the formyl channel. In addition, its transition state
barrier is higher, thus giving rise to a larger barrier. This,
together with the fact that the barrier along the acidic channel
is narrower and that the heat of the reaction for this channel is
very small, leads to a huge tunneling effect and to a larger rate
constant coefficient than for the formyl abstraction channel.
Thus, although the calculated energy barrier of the acidic path
is the largest, it is the favored path.

The excellent agreement between the theoretical and experi-
mental overall rate coefficients suggest that the mechanism
proposed in this work is adequate to describe the OH+ HCOOH

reaction. Best results are obtained with the PMP2/6-311++G-
(2d,2p)//MP2/6-311++G(2d,2p). Satisfactory results are also
obtained with the PMP4 and coupled cluster method.

The temperature dependence of the overall rate constant in
L mol-1 s-1 can be described by the expressionk ) (5.28 (
2.35) × 107 exp[(404( 125)/T]. In the same units, the rate
constants for the acidic and formyl channels arekI ) (1.37(
0.40)× 107 exp[(786( 87)/T] andkII ) (5.93( 1.39)× 108

exp[(-1036( 72)/T], respectively.
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