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Abstract: The reactions of NO3 with formaldehyde, acetaldehyde, propanal,n-butanal, and isobutanal have
been modeled using accurate ab initio and hybrid DFT methods with large basis sets. The results clearly
indicate that the reaction is a simple aldehydic H atom abstraction; no adduct was found to support the idea
of a complex mechanism. Alternative hydrogen abstractions were modeled for theR carbon hydrogen atoms
and for the Câ of n-butanal; the differences in activation energies ruled out the possibility that competitive
abstraction could be responsible for the anomalous increase of the rate constants with the size of aldehydes.
The anomalous behavior was found to be a consequence of the preexponential factor increase, due to the
enlargement of the internal rotation partition functions with the size of the aldehydes. The reaction rate constants,
calculated using the conventional transition-state theory as applied to a proposed simple mechanism, reproduce
remarkably well the reported experimental results. Consideration of the internal rotation partition functions is
shown to be essential for the determination of the preexponential parameters and thus for the correct calculation
of the rate constants. The tunneling correction was found negligible due to the features of the transition vector.

Introduction

Aldehydes play an important role in both clean and polluted
atmospheres because of their participation in the oxidation of
volatile organic compounds (VOC) and in the OH radical and
ozone formation. Large amounts of aldehydes are emitted into
the troposphere from biogenic and anthropogenic sources.1-7

Many abundant VOC produce aldehydes as important prod-
ucts.8,9 Some examples are the reactions of the OH radical with
alkenes and aromatic compounds and the addition of ozone to
alkenes. In the troposphere a Cn aldehyde reacts to form mainly
the Cn-1 aldehyde.8,10 It is widely accepted that the most
important sink of aldehydes is the hydrogen abstraction reaction

by an OH radical. The OH yield comes primarily from
photolysis, therefore at nighttime its concentration is very low
and the reaction with NO3 becomes relevant, particularly for
large aldehydes.11 The rate coefficients of the aldehydes+ OH
reactions are usually comparable to the rate coefficients of the
OH addition to alkenes. Nevertheless, comparing them with the
aldehyde+ NO3 reaction, one finds, for example in the case of
acetaldehyde, that the rate coefficient becomes 10 times the
coefficient of an OH addition in the reaction with ethene.8

The aldehyde+ OH reaction has been widely studied by
experimental techniques,8-10,12-18 as well as by theoretical
methods.14,19-21 The reaction of aldehydes with NO3 has been
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less studied than that with the OH radical.11,14,22-25 According
to the NIST chemical kinetics database,13 up to the second
quarter of 1998 only three papers reported Arrhenius parameters
for the acetaldehyde+ NO3 reaction.22-24 No Arrhenius
parameters for the other aldehydes were reported. In the last
three years the interest in these reactions has increased.11,18One
of the reports includes the study of the rate coefficient
dependence on temperature forn-butanal and isobutanal.11

There is an experimental fact in this reaction that has not yet
been explained and that has been the subject of theoretical
speculations: the rate coefficients increase “abnormally” fast
with the increase in the size of the aldehydes.25 On the basis of
the dissociation energies a smoother increase of the rate constant
should be expected as the dissociation energies decrease. As a
consequence of this “anomalous” behavior, no correlation is
observed between the rate coefficients of the aldehyde hydrogen
abstraction by OH and by NO3, nor between the rate coefficients
for NO3 hydrogen abstraction from aldehydes and from alkanes.

Different explanations have been proposed to justify these
observations. Some authors have suggested that a complex
mechanism occurs, with the formation of an exothermic adduct,
followed by the aldehydic C-H bond cleavage. Therefore, the
rate coefficient would depend not only on the C-H bond
dissociation energy but also on the surrounding molecular
structure, on the ability to form a stable adduct, and on the
possibility of redistributing the reaction energy.25 This seems
to properly explain the experimental behavior, but from the point
of view of the electronic structure of the radicals, it is not strictly
justified. The OH and NO3 radicals abstract a hydrogen from
aldehydes, but NO3 is less reactive in all cases. In aD3h

conformation NO3 is nonpolar, and its spin density is homo-
geneously distributed, while it is localized on the oxygen atom
in OH. Based on this fact, any interaction with NO3 is expected
to be weaker than that with the OH radical. Therefore there is
no reason to expect that an adduct that is not formed in the OH
interaction with aldehydes will be formed with NO3. The
formation of an adduct by the addition reaction, suggested to
explain the observed negative activation energies for the reaction
of OH with aldehydes,14,17 was recently ruled out on the basis
of accurate quantum chemical calculations.21

An alternative explanation to the “abnormal” increase of the
rate coefficients with the size of aldehydes could be that other
hydrogens away from the CHO group could be abstracted.18

This explanation seems to be more realistic than the previous
one, because CR and Câ atoms could be activated. However,
this hypothesis cannot explain why the rate coefficients of
isobutanal andn-butanal are almost the same, nor why that of
n-pentanal is larger than that of isobutanal, although H abstrac-
tion from a tertiary carbon atom should be more favored than
that from a secondary one. Another argument against this
hypothesis is, again, the comparison with the analogous reaction
with an OH radical. It is widely accepted and justified that the
more reactive are the radicals the less selective they behave.
Thus, the NO3 radical should be more selective than OH, which
itself is selective enough to abstract almost exclusively the H
from the CHO group.

An entire hypothesis to explain this behavior has not been
demonstrated to date. From our point of view, the proposed
explanations are, to some extent, not fully consistent with the
theoretical foundations. Although modern experimental tech-
niques are extremely powerful, they have not been fully applied

in this kind of reaction. The Arrhenius parameters have not been
systematically calculated, no experiments including isotopic
effect have carried out, and the pressure dependence of the
reaction rate has not been studied.

On the other hand, modern quantum chemical methods have
been proved to be very useful in the study of chemical reactions
and, specifically, in atmospheric radical-molecule reactions.
Severalgas-phasereactionrateshavebeenaccuratelycalculated.26-28

For example, the uncertainties about the mechanism of OH
reactions with aldehydes and alkenes that occur with apparent
negative activation energies have been successfully ex-
plained.21,29

In this work we model the reaction mechanism of the
hydrogen abstraction from C1 to C4 aldehydes by the NO3
radical, by the calculation of reaction profiles of different
possible reaction paths. The evaluation of the different channel
activation energies helps to discriminate among them and
investigate if other than CHO hydrogen can be abstracted.
Besides, the comparison between calculated and experimental
rate coefficients might demonstrate if the assumed mechanism
is correct. The calculation of the intrinsic reaction coordinate
(IRC) of one of the reaction profiles could prove whether any
other adduct might connect reactants and products.

Additionally, Arrhenius parameters consistent with the rate
coefficients and with available recommended parameters will
be proposed. For those reactions for which Arrhenius parameters
have not been accurately calculated yet, the results of the present
work could be used as a good approach to real values.

Computational Methodology

Electronic structure calculations have been performed with the system
of programs Gaussian9830 with the 6-311G(d,p) basis set. The
unrestricted formalism was used to calculate the energies of the radicals.
The correlation energy corrections were introduced with the coupled
cluster method at the CCSD(T) level.

The best experimentally known reaction of this type is the acetal-
dehyde+ NO3 reaction and it was used here to test several methods of
calculation. Geometries were optimized at the MP2 and BHandHLYP
levels using 6-311G(d,p) basis set. The stationary points were character-
ized by frequency calculation. The zero point energies (ZPE) and
thermal corrections to the energy (TCE) at 298.15 K were computed.
The resultant geometry in each case was used to obtain single-point
energies at the CCSD(T)/6-311G(d,p) level, corrected using the
corresponding TCE. The CCSD(T)//MP2 activation energy was over-
estimated. The best agreement between the calculated activation energy
at 298.15 K and the experimental values was obtained with the CCSD-
(T)/6-311G(d,p)//BHandHLYP)/6-311G(d,p) method. Therefore this
level of calculation was chosen for the modeling of the reaction in
other cases.

All the geometries for formaldehyde, acetaldehyde, propanal,n-
butanal, and isobutanal were fully optimized at the BHandHLYP/6-
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311G(d,p) level and the character of the transition states was confirmed
by a frequency calculation, performed at the same level, and presenting
only one imaginary frequency corresponding to the expected transition
vector. An Intrinsic Reaction Coordinate (IRC) calculation was
performed only for formaldehyde. Because of the similarity between
the geometry of the latter and the other transition states, as well as the
similarities in their transition vectors, it was assumed that all of them
correctly connect reactants and products. The Basis Set Superposition
Error (BSSE) was calculated using the Counterpoise method31,32 for
all aldehydic hydrogen abstraction transition sates.

For the modeling of the alternative hydrogen abstraction only relative
energies are necessary, therefore the calculations were done at the
BHandHLYP/6-311G(d,p) level, without BSSE. The activation energies
are obviously underestimated, and some of them are negative, but the
ones corresponding to aldehydic hydrogen abstraction correlate perfectly
with the ones calculated at the CCSD(T) level, suggesting that the
relative values are accurate.

The rate constants were calculated using Conventional Transition
State Theory (CTST) and the partition functions obtained from the
Gaussian output. The tunneling corrections were expressed as the ratio
of the quantum-mechanical to classical barrier crossing rate, assuming
an unsymmetrical, one-dimensional Eckart function barrier.33 For this
purpose we have used the numerical integration program of Brown.34

The rate constants for the reactions were obtained by the following
expression:

The activation energies are those obtained in the CCSD(T)/6-311G-
(d,p)//BHandHLYP)/6-311G(d,p) approximation, with the BHandH-
LYP)/6-311G(d,p) ZPE correction included. The ratioQTS/QNO3‚QAld

of the Gaussian output has been corrected by replacing some of the
harmonic contributions of large amplitude vibrations by those calculated
as internal rotations.

Results and Discussion

Competitive Hydrogen Abstractions. One of the most
relevant aspects in the study of reaction mechanisms is usually
to determine the positional selectivity of the reactant. In refs
21 and 24 it has been concluded that for the aldehydes+ OH
the preferred process appears to be the abstraction of the
aldehydic hydrogen. Nevertheless, in the ketones+ OH reaction
it has been reported that H atoms atâ carbons are more activated
than those atR carbons.36,39 The explanation proposed for this
behavior was the formation of a hydrogen bonded pre-reactive
complex.37,40,41In a recent work, we have reported that these
kind of interactions remarkably stabilize the transition states.42

If the abstraction occurs by the attack of the NO3 radical,
there are no such interactions. Consequently, in this case, there
is no reason to expect an activation ofâ carbons over theR
carbons. In addition, it is well-known that the ease of abstraction
is higher when the hydrogen is originally attached to a secondary
carbon than when it is attached to a primary one. Therefore, if

a secondaryâ carbon is not activated there is no reason to
assume that a primary one should be. Taking into account all
the facts discussed above some competitive sites were included
in this work. The aldehydic and theR channels were modeled
for all the studied aldehydes, theâ channel was modeled for
the only aldehyde with a secondaryâ carbon (then-butanal).
This selection was made within the assumption that it should
be the most reactive of all theâ carbons of the studied
aldehydes.

The calculated activation energies, at 0 K and the BHandH-
LYP/6-311G(d,p) level of calculation, are reported in Table 1
for all the aldehydes studied in this work. Some of them are
negative, since we have not included the BSSE, but relative
values should be accurate enough. The transition state geom-
etries of both channels are shown in Figures 1 and 2,
respectively.

There is a clear difference between the transition state
geometries corresponding to the CHOR andâ abstractions. The
transition state structure (TS) for H abstraction takes place earlier
for the aldehydic H, with the O‚‚‚H distance of 1.62 Å for
formaldehyde, compared to 1.46 Å in theR TS for isobutanal,
with the former the latest aldehydic TS and the latter the earliest
nonaldehydic one. The earlier the transition state the looser it
is and the larger its partition functions. Since the reactants are
the same, this geometrical difference implies that we should
expect a larger preexponential factor for aldehydic than for CR
hydrogen abstraction.

From an energetic point of view it is even clearer thatR
hydrogen atoms cannot compete with the carbonyl ones. There
is a difference of 3.38 kcal/mol between both activation energies
for isobutanal. At ambient temperature, such a difference in
activation energy implies a decrease in the rate coefficient of
about 3 orders of magnitude. The energetic gap between the
two channels is about 9 kcal/mol in the case of acetaldehyde.
This difference are larger than any error that can be expected
in the calculation. Therefore these results allow us to conclude
that, in aldehydes at atmospheric temperature, the only hydrogen
atom able to be abstracted by NO3 is the aldehydic one, even
in the limiting case of a hydrogen atom attached to a tertiaryR
carbon.

In the case ofn-butanal, the hydrogen abstraction was
modeled forR andâ sites. Since both are secondary carbons,
the difference in activation energies could be considered due
to the influence of the carbonyl group. Both transition states
have similar geometries and similar activation energies, but the
activation energy for the Câ position is lower than the CR one
by 0.4 kcal. In view of the fact that the activation energy for
the abstraction of the aldehydic H is 6.1 kcal/mol lower than
that for the Câ position, it is not expected that it will be activated
for this reaction. However, this would be important for reactions
of NO3 with ketones where no aldehydic hydrogen is present.
According to our results it should be expected that the Câ
position will be slightly more activated than CR ones, as in the
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Table 1. Comparison of Activation Energies (kcal/mol) of NO3

Hydrogen Abstraction from the-CHO Group and from CR at the
BHandHLYP/6-311G(d,p) Level of Calculation

activation energya

-CHO CR Câ

acetaldehyde -0.06 9.20
propanal -0.28 5.56
n-propanal (R) -1.68 4.86 4.44
isobutanal -0.54 2.85

a Including ZPE but not BSSE corrections.
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ketones+ OH reaction. The difference in activation energies
between aldehydic and primary Câ channels is expected to be
larger than 6.1 kcal/mol; therefore there is no reason to expect
that this channel could be relevant in the reaction.

Alternative Adduct. There is no way to prove that a
hypothetical adduct does not exist in a reaction. What can be
done is to verify that, in a specific reaction path, it is not present.
Then, if the proposed mechanism describes adequately the
experimental findings including the rate constant of the reaction,
we can conclude that such a hypothetical adduct does not exist.

An IRC calculation was performed and the results are shown
in Figure 3. The calculation started from a transition state, with
only one imaginary frequency, and followed the reaction
coordinate in the direction of both the reactants and the products.
Thirty steps were taken in each direction to follow very closely

the path from the reactant complex to the product complex. The
energy of the system was found to decrease monotonically and
continuously in each direction. The molecular geometries of
the two final structures are also shown in Figure 3, and they
perfectly resemble the reactant and product complexes. There-
fore according to the mechanism proposed in this work, no
additional stable adduct was found in the reaction path.

It is necessary to prove now that our one-step mechanism is
consistent with experimental data, including the “abnormal”
increase in rate coefficients with the increase in the size of the
aldehydes.

Reaction Profiles.The reaction profiles corresponding to the
aldehydic hydrogen abstraction from the five aldehydes studied
are shown in Figure 4. Only three stationary points have been
included: the isolated reactants, the transition state, and the

Figure 1. Transition state geometries of aldehydic hydrogen abstraction (A) formaldehyde, (B1) acetaldehyde, (C1) propanal, (D1) isobutanal, and
(E) n-butanal.

Figure 2. Transition state geometries of CR hydrogen abstraction (B2) acetaldehyde, (C2) propanal, (D2) isobutanal, and (E2)n-butanal and of Câ
(E3) n-butanal.
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isolated products. The corresponding numerical values of the
activation energies and the heats of reaction are reported in Table
2.

In previous works,21,43,44 the importance of pre-reactive
complexes in some radical-molecule reaction has been pointed

out. In particular, in the aldehyde+ OH reaction, a pre-reactive
complex was identified whose energy is about 3 kcal/mol more
stable than that of reactants. The stabilization is caused by two
interactions: the OH oxygen is attracted by the aldehydic H
and the OH hydrogen is attracted by the carbonyl oxygen, the
second being more important than the first.21 In the case of
aldehyde+ NO3 the only significant interaction occurs between
one of the oxygen atoms of NO3 and the aldehydic hydrogen,
and it is expected to be appreciably weaker than any of the OH
aldehyde interactions. For these reasons the pre-reactive com-
plexes were not calculated in this work.

The presence of a pre-reactive complex becomes relevant in
the calculation of the rate constant only in two cases: either by
the existence of negative apparent activation energy or by the
presence of a significant tunneling effect. It will be shown below
that this is not the case for the present reaction

The energetic profiles of the reaction have a typical behav-
ior: as the number of methyl groups attached to theR carbon
atom increases from 0, in formaldehyde, to 2 in isobutanal, the
activation energy decreases; however, the activation energies
of n-butanal and propanal are very close to each other. This
behavior is the expected one, since no dipole-dipole interaction
between the large aldehydes and NO3 occurs that could
selectively stabilize their transition states with respect to the
smaller ones. Nevertheless, the potential energy surface was
explored for such a transition state, with no success. This can
be explained because the difference between small and large
aldehydes is the aliphatic hydrocarbon residue, which is nonpolar
and does not interact with NO3. All the transition states (see
Figure 1) have similar structures, with the C‚‚‚H‚‚‚O angle very
close to 180°, with the exception of the corresponding to the
formaldehyde-NO3 reaction. In this particular case the C‚‚‚H‚
‚‚O angle is equal to 163° due to a hydrogen bond-like
interaction between the second aldehydic hydrogen and one of
the oxygen atoms in the NO3 radical.

The energetic profiles are consistent with the geometries of
the transition states (Figure 1). The C‚‚‚H distance decreases
and the H‚‚‚O distance increases from formaldehyde to isobu-
tanal, i.e., the transition states occur earlier as the activation
energies decrease. The C‚‚‚H and H‚‚‚O distances are very
similar in n-butanal and propanal in correspondence with their
also very similar activation energies.

The most interesting feature of the transition states is the
transition vector (see arrows in Figure 5a), whose components
show the atoms displacement in the vibrational mode corre-
sponding to the imaginary frequency, i.e., the motion of the
atoms in the vicinity of the transition state. In a typical hydrogen
abstraction transition state (Figure 5b) the hydrogen moves
between two heavy atoms and all the other atoms remain almost
fixed. In the case of the aldehydes+ NO3 transition states, the
whole aldehyde approaches the NO3 group up to within bonding
equilibium distance, as in an addition reaction, and then the
carbonyl radical moves away, as in an elimination reaction.
Therefore the transition vectors resemble the behavior that would
be expected in a one-step addition-elimination process. That
is very unusual and it must be proved. That the transition
structure properly connects reactants and products was verified
by performing an IRC calculation. This kind of transition vector
has as a relevant consequence: it should not be expect an
appreciable tunneling effect should not be expected.

The tunneling correction is relevant for reactions in which
the mass of the atoms that move along the reaction coordinate
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Figure 3. Intrinsic reaction coordinate for the formaldehyde-NO3

reaction.

Figure 4. Reaction profiles of aldehydic hydrogen abstraction.

Table 2. Activation Energies and Heats of Reaction (kcal/mol) of
NO3 Hydrogen Abstraction from the-CHO Group at the CCSD(T)/
6-311G(d,p)// BHandHLYP/6-311G(d,p) Level of Calculation,
Including BSSE and ZPE for Activation Energies and Thermal
Corrections to Enthalpy for Heats of Reactions

activation energy
heat of reactioncalcd

0 K
calcd
298 K exptl calcd

formaldehyde 4.84 5.01 4.78a -16.34
acetaldehyde 3.41 3.94 3.70b -14.35
propanal 2.82 3.38 NA -14.65
n-butanal 2.69 3.35 2.87c -14.78
isobutanal 2.23 2.65 3.35c -15.76

a From ref 8.b From ref 23.c From ref 11.
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is very small. This is the case for typical hydrogen abstraction
reactions, because the only atom that moves along the reaction
coordinate, in the vicinity of the transition state, is the hydrogen
atom. In the present case most of the atoms in the molecule
move and the imaginary frequency is very small with respect
to the typical ones, since it depends on the masses of the atoms
involved in the vibrational mode. In turn, the tunneling
correction that depends strongly on the value of the imaginary
frequency is close to unity. The transition vector obtained in
this work could be an artifact of the calculation. In such a case,
the artificial absence of the tunneling effect would yield
underestimated rate constants. For similar barriers in a typical
H abstraction reaction from aldehydes by an OH radical, the
tunneling correction was found to be about 3.0.21 Therefore, if
this is an artifact of the calculation we should expect the rate
coefficient for formaldehyde+ NO3 to be underestimated by a
factor of 3.

Rate Coefficients Calculations.To calculate the rate coef-
ficients we used the results of the thermochemical calculation
included in the Gaussian 98 vibrational output, with some
corrections. This program, in its standard version, calculates
internal rotation with the harmonic oscillator approximation;
the hindered rotation approximation is not fully implemented
yet. This implies that, for systems with internal rotations, the
partition functions are underestimated. In the transition states
of the aldehydes+ NO3 reaction there are three internal rotations
that can be considered free, the largest barrier being 0.6 kcal/
mol. In the reactants, acetaldehyde and larger aldehydes, there
may be several hindered rotations corresponding to alkyl groups.
In this work all internal rotations are considered to be free. This
obviously introduces an error in the calculation of individual
partition functions, but a cancellation occurs because most of
the rotations are similar in the transition states and in free
aldehydes.

The tunneling correction was also calculated, although it was
expected to be very small. All the necessary parameters to
calculate the rate constants are reported in Table 3: The ratio
of the transition state and the reactant partition functions (from
Gaussian output and corrected by free rotations), the tunneling
corrections, the preexponential factors, and the calculated rate
constants. The activation energies at 0 K were reported in Table
2.

There is an excellent agreement between the calculated rate
coefficients and the recent or recommended experimental values.
The largest disagreement with experimental value is found for
acetaldehyde, the calculated value isk ) 1.19× 106 L‚mol-1‚s-1

and the recommended value is 1.64× 106 L‚mol-1‚s-1.8

However, in this case the reported experimental error is∆log k
) (0.2 at 298 K, implying that the experimental rate constant
interval goes from 1.03× 106 to 2.60× 106 L‚mol-1‚s-1 and
consequently our value lies within the experimental range. The
discrepancy between the calculated and experimental result for
acetaldehyde is about 26%. For formaldehyde, propanal, isobu-
tanal, andn-butanal, it is 17%, 8%, 7%, and 9%, respectively,
and all of them lie within the experimental errors. In the cases
of propanal,n-butanal, and isobutanal our results are in good
agreement with those of D’Anna and Nielsen,25 but forn-butanal
the comparison with the results of Papagni, Arey, and Atkinson18

shows an even better agreement. The worst agreement with
experimental results was found with Ullaertan et al.11 They
reported two values for the rate coefficients of isobutanal and
n-butanal, obtained from absolute and relative sets of measure-
ments. Surprisingly, the relative rate coefficient for isobutanal
and the absolute one forn-butanal are in perfect agreement with
our results. The others are appreciably different from ours,
especially the absolute rate coefficient for isobutanal. There is
not a clear explanation for this behavior.

A linear correlation between calculated and experimental rate
constants reported by D’Anna and Nielsen25 and those recom-
mended by Atkinson, for formaldehyde and acetaldehyde,8 is
observed (Figure 6). The correlation coefficient is 0.997. This
excellent correspondence with experimental values advances our
model as a good representation of the experimental behavior.
In Figure 6 are included other experimental values for compara-
tive purpose as well as to figure out about the dispersion among
the different experimental values.

The agreement between calculated and experimental rate
constant evidences that (1) the tunneling correction is almost
negligible in this reaction, and this is not an artifact of the
calculations, (2) the direct, one-step mechanism explains entirely
the experimental behavior, without the need to postulate the
formation of an additional adduct, and (3) the consideration of
abstraction of other hydrogen atoms is not necessary for the
explanation of observed rate constants.

The rate coefficient depends on the activation energy as well
as on the preexponential factor. On the basis of the good
agreement between the calculated and the experimental values
of the rate constants, let us try to identify the cause of the
“abnormal” behavior of these kinds of reactions. The preexpo-
nential factor depends on the partition functions ratio (eq 1),
which depends on the internal rotation partition functions. The
latter can be expressed in terms of the reduced moment of inertia
(I ′) of the two tops (A andB) involved in each rotation:

IA and IB represent the moments of inertia of tops A and B
about a common axis of internal rotation. The partition function
of each internal rotation, according to the free rotor model, can
be calculated as:

σint is the internal (or effective) symmetry number of the internal
rotation, kB is the Boltzmann constant, andh is the Planck
constant.

Figure 5. Transition vector components of the formaldehyde-NO3

(A1) and methane-NO3 (M) transition states.

I ′ ) I ΑI Β/(I Α + I Β) (2)

Qfree rotor) (8π3I ′kBT)1/2/σinth (3)
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The most important rotations in transition states include the
aldehydic group in one top and the NO3 in the other. The
reduced moment of inertia is always less than the intrinsic
moment of inertia of any of the tops, and theI ′ upper limit is
equal to the smallest of them. In the formaldehyde-NO3

transition state the NO3 is the heaviest top, but in propanal-
NO3 both tops have similar moments of inertia, and inn-butanal
and isobutanal the aldehyde group is the heaviest top. This
suggests that the partition functions of equivalent internal
rotations vary significantly form one aldehyde to another. For
example, the partition function corresponding to the rotation
around one of the axes formed in the transition structure changes
from 21.60 in formaldehyde to 41.55 in propanal and 52.02 in
n-butanal.

As the size of the aldehydes increasesIA becomes much larger
thanIB and in the limit theI ′ is equal to the moment of inertia
of the lighter top (NO3). Accordingly, if the increase in the rate
constant in the aldehydic series arises from the increase of the
reduced moment of inertia, a plot of thek values versus the
size of the aldehyde should present an asymptotic tendency.
To confirm this hypothesis we have plotted experimental rate
coefficients8,18,23 versus the number of carbon atoms (Figure
7). To avoid mixing different factors we have excluded
isobutanal. The figure clearly shows the expected trend for
aldehydes up to six carbon atoms. According to the shape of
this figure the values of the rate constants corresponding to
n-aldehydes with six or more carbon atoms should be roughly
the same.

The aldehyde+ OH reaction does not have the same behavior
because the OH moiety is the lighter top in all the internal
rotations. Therefore the reduced moment of inertia of any

rotation involving the OH group and any aldehyde will be very
similar to the OH intrinsic moment of inertia. Indeed, very small
differences are found in the internal rotation partition function
of transition states of OH reaction with different aldehydes.21

Consequently the rate coefficients of the aldehyde+ OH and
aldehyde+ NO3 reactions cannot correlate.

There is still an open question about the difference in behavior
between the aldehyde+ NO3 reactions and the alkane+ NO3

reactions. The modeling of the latter is in progress, and it can
be sugested that in this reaction the transition vector is typical
of a hydrogen abstraction, the activation energies are higher
than in the NO3 + aldehyde reaction, and therefore the tunneling
effect is considerable. The tunneling increases as the activation
energy increases, thus in the series methane, ethane, propane,
and isobutane it decreases, whereas the free rotation partition
functions increase. Both factors cancel each other to some extent,
and a typical increase of the rate coefficient is observed. In
addition, for the alkane+ NO3 reactions the influence of
substituents is more important than in the corresponding reaction
of aldehydes, since the substituent is directly bonded to the
carbon atom from which the hydrogen is abstracted. Therefore,
for the alkane+ NO3 reactions, the changes in activation
energies are much more important than the changes in the
preexponential factor.

Unfortunately, to our knowledge, there are not enough
experimental data to compare the calculated activation energies
of the aldehyde+ NO3, the aldehyde+ OH, and the alkane+
OH reactions. This lack of data also obstructs the testing of the
correlation among the activation energies of these three reac-

Table 3. Partition Functions Ratios (Qq/Qr), Preexponential Factors (A), Tunneling Effects (κ), and Rate Constants (k)

Qq/Qr A (mol‚L-1‚s-1) k (mol‚L-1‚s-1)

Gauss corr. calcd exptl κ calcd exptl

formaldehyde 8.93× 10-7 1.56× 10-4 9.67× 108 1.20× 109 1.06 2.73× 105 3.49× 105 [ref 8]
acetaldehyde 1.42× 10-6 6.07× 10-5 3.79× 108 8.43× 108 1.02 1.19× 106 1.64× 106 [ref 23]
propanal 4.27× 10-7 6.98× 10-5 4.34× 108 NA 1.00 3.71× 106 3.44× 106 [ref 25]

4.27× 106 [ref 18]
n-butanal 5.31× 10-7 1.09× 10-4 6.79× 108 7.2× 108 1.00 7.29× 106 6.56× 106 [ref 25]

6.74× 106 [ref 18]
6.02× 106 [ref 11]
7.2× 106 [ref 11]

isobutanal 9.57× 10-8 5.30× 10-5 3.29× 108 1.74× 109 1.00 7.64× 106 7.29× 106 [ref 25]
7.2× 106 [ref 11]

5.41× 106 [ref 11]

Figure 6. Correlation of calculated vs experimental rate constants for
the aldehyde-NO3 reaction. Figure 7. Plot of logarithm of experimental rate constant vs number

of carbon atoms in aldehyde-NO3 reactions: C1 [ref 8], C2 [ref 23],
and C3-6 [ref 18].
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tions. In the literature it has been established that there is no
correlation among their rate coefficients,32 but in our opinion
their activation energies should correlate.

From the results shown above, we suggest that the reason
for the “abnormal” increase of the rate coefficients in the
aldehyde+ NO3 reaction is the increase in the preexponential
factor. The latter is a consequence of the larger influence of
the internal rotations when the size of the aldehyde increases.

In addition to the explanation for the “abnormal” increase in
rate constants for the aldehyde+ NO3 reaction, there is another
fact that always contributes to increase thek, the nature of the
alkyl group linked to the carbonyl group: the larger or more
branched is the alkyl group, the more favored is the abstraction.
The activation energies, which are independent of the partition
functions, thus increase in the series formaldehyde, acetaldehyde,
propanal, and isobutanal (Table 2).

Analyzing the rate constant of the reaction of any aldehyde
with NO3, both of the above-discussed effects should be
considered: the decrease in the activation energy due to the
branching of the alkyl substituent and the increase in partition
functions with the size of the aldehyde. Isobutanal has lower
activation energy and a smaller partition function than the
n-butanal. One effect partially cancels the other and both rate
constant results are similar, but that of isobutanal is slightly
larger, because the nature of the alkyl group seems to be more
relevant than the increase of the partition function. We have
not modeled the reactions of 2,2-dimethylpropanal and 3,3-
dimethylbutanal with NO3, but according to the trends found
in this work, we could explain why the rate constant of the
former is larger than that of the latter (1.38× 107 and 1.21×
107 L‚mol-1‚s-1, respectively.25). This is probably because the
carbonyl group of 2,2-dimethylpropanal is linked to a tertiary
alkyl group while in the 3,3-dimethylbutanal it is linked to a
primary alkyl group. If the nature of the alkyl group is not taken
into account the opposite order in their rate constants should
be expected, but according to our results the increase in the
partition functions is not enough to overcome the effect of the
different substituents.

The calculated and experimental Arrhenius parameters are
not conceptually equivalent. According to CTST and using
statistical mechanics and quantum-mechanical calculations, the
theoretical expression to calculatek, for a bimolecular reaction
between two nonlinear molecules, has the form:

whereas the experimental equation is of the form:

Therefore there should be a slight difference betweenA andA′,
and betweenEa andEa′; this is the calculated activation energy
at 298.15 K and is expected to be lower than the experimental
value. Since the activation energy changes with temperature,
at 0 K the calculated activation energy could appreciably differ
from the one calculated at 298.15 K and also from the
experimental value. Our calculations show that, in the case of
the aldehyde-NO3 reactions, the activation energy increases
with temperature (Table 2).

There are only a few experimental Arrhenius parameters of
the studied reaction. For acetaldehyde there are two recom-
mended results, which are very close.8,22 For formaldehyde the
only reported value is an estimation made by Atkinson.8 More
recently Arrhenius parameters for isobutanal andn-butanal have
been published.11 Although the calculated results are expected

to be slightly different than the experimental ones, the cor-
respondence obtained in the present paper is excellent (Figure
8): the activation energy for acetaldehyde differs only by 6%
with respect to ref 8 and 4% with respect to ref 22. In the cases
of formaldehyde andn-butanal the differences are 5%8 and
13%,11 respectively. The calculated activation energies are
always higher than the experimental ones. The largest difference
is observed for isobutanal (21%),11 and it is also the only case
for which the experimental activation energy is lower than the
calculated one.

According to chemical intuition it is evident that the inductive
effect of methyl groups in theR-carbon atoms should favor the
-CHO hydrogen abstraction. Therefore the activation energies
should increase along the series isobutanal, propanal, acetalde-
hyde, and formaldehyde, in agreement with the results of the
present work. Indeed, the calculated activation energies are 2.65,
3.38, 3.94, and 5.01 kcal/mol, respectively. The activation
energy ofn-butanal is expected to lie between the ones of
propanal and isobutanal and closer to the first. The calculated
value is 3.35 kcal/mol, in agreement with the expected behavior.
From a structural point of view there is no plausible explanation
for the findings of Ullerstam et al.11 that the activation energy
of isobutanal is higher than that ofn-butanal. Taking into
account the fact that their activation energy was calculated from
absolute rate coefficients, which have a discrepancy of 25%
with respect to the relative rate coefficient of the same authors,
in the same paper, and that our rate coefficient is in excellent
agreement with their relative rate coefficient and with the
independent results of D’Anna and Nielsen,25 we conclude that
the abnormally high activation energy seems to be an artifact
of the experiment.

Conclusions

The NO3 hydrogen abstraction reactions from aldehydes can
be considered as an elementary process. The formation of an
intermediate adduct is ruled out by the current results, especially
taking into account that there is no experimental evidence of
its existence. There is no need to introduce the formation of
the adduct to explain the observed results.

The activation energies for the abstraction of hydrogen atoms
other than the aldehydic one are large enough to assume that
the channel of the-CHO hydrogen abstraction is highly
predominant and probably unique. Both Câ and CR position
are predicted as deactivated in comparison to aldehydic H.

Figure 8. Correlation of calculated vs experimental activation energies
for the aldehyde-NO3 reaction.

k ) κA′T -2eEa′/RT (4)

k ) κAeEa′/RT (5)
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The calculated activation energies agree well with the
available experimental results. Therefore the results of the
present work can be used as a good approach to the real values,
in those cases in which they have not been measured. The
calculated values of the activation energies can also be used to
discriminate among discrepant experimental results.

The atypical behavior of the hydrogen abstraction reactions
by the NO3 radical in aldehydes is a consequence of the increase
of entropy and hence of the partition functions in the transition
states due to the internal rotations. This behavior does not occur
in the corresponding hydrogen abstraction by the OH radical
because the moment of inertia of the OH top is always the
smallest.

It seems that the Arrhenius parameters and the absolute rate
constant of isobutanal should be revised.
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