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Abstract: In this work, the OH+ formaldehyde and OH- acetaldehyde reactions have been characterized
using accurate ab initio methods with large basis sets. The results clearly indicate that the reaction occurs by
hydrogen abstraction, and that the OH addition channel is unfavorable. Close to zero (for formaldehyde) and
negative (for acetaldehyde) activation energy values are obtained, which are in excellent agreement with the
experimentally observed values. The reaction rate constants, calculated using the classical transition-state theory
as applied to a complex mechanism involving the formation of a prereactive complex, reproduce very well the
reported experimental results. Consideration of the prereactive complex is shown to be essential for the
determination of the height of the energy barrier and thus for the correct calculation of the tunneling factor.

1. Introduction ruled out the formation of HC(O)OH H but not the reaction

Carbonyl compounds are directly emitted into the troposphere | ,C=0+ OH —[H,C = O(OH) — [HC = O]’ + H,0
from biogenic and anthropogenic souréemnd they are also 2 2

formed in large concentrations as end products in the oxidation @)
reactions of hydrocarbons. They are known to enter the However, for formaldehyde it is believed that only hydrogen
tropospheric reactants pool mainly through one reactitat abstraction occurs. Recent experimental work by Butkovskaya
is, the reaction with the OH radical, according to the following and Setsérusing infrared chemiluminescence confirms that the
overall equation: results are consistent with many polyatomic reactions in which
a H atom is directly abstracted. For acetaldehyde, Michael et
RHC=0+ OH —[RC=0] + H,0 (1) al# have presented a very complete mechanistic discussion of

their experimental data of the OH-acetaldehyde reaction in the

Bimolecular rate constants for the OH reaction with a variety range 244-528 K. They conclude that the preferred process
of aldehydes have been measured, and their Arrhenius paramappears to be the abstraction of the aldehydic hydrogen atom.
eters have been reportéébut there are serious uncertainties Taylor et al® favor an additior-elimination mechanism at low
as to the reaction mechanism. The negative temperaturetemperatures. Atkins§rpostulated that the reaction proceeds
dependence of the rate constant is well established, except invia overall H-atom abstraction, although the initial reaction
formaldehyde, for which the activation energy is known to be possibly involves the OH radical addition to theC=0 bond
almost zero, most experimental results varying betweér system However, it is not clear why a hydrogen abstraction
and—0.4 kcal/moB It suggests the possibility that the reactions reaction presents a negative activation energy and why the
of aldehydes with the hydroxyl radical, in general, occur by an overall OH addition to the double bond does not occur.
addition—elimination modé,® since many addition reactions of It is interesting to know the energetics of the target reactions.
OH show overall negative temperature dependence. Nikiet al. These can be calculated using the values of the bond energies
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CH,CH= 0+ OH"— [CH,C = O + H,0
AH,gs —29.90+ 0.23 (4)

CH,CH = O + OH"—[CH,CH = Of' + H,0
AH,g5—25+ 2 (5)

The behavior of reactions having a negative temperature

dependence has been successfully described, for systems at low

pressures, by Mozurkewich and Bend8mand for systems at
high pressures, by Singleton and Cvetand¥itn this case,

several explanations have been proposed, which are summarize

in ref 2. Three of them maintain the idea of an elementary
reaction but suggest a modification of the preexponential factor
in the Arrhenius equation to allow for a terfm®-5, Singleton
and Cvetanovit propose a complex mechanism and explain
the occurrence of these negative activation energies as bein
due to the reversible formation of a loosely bound prereactive
complex which is formed without activation energy, followed

by a second reaction, which is irreversible, and whose transition- - . .
éwelp stabilize the corresponding transition state.

state energy is lower than the energy of the separated reactant
A prereactive complex has, in fact, been identified in several
OH-addition reactions to alkené%;1519 haloethand$ and
aromatic hydrocarbons (toluene and xyleriés}.In a recent
study on the OH addition to substituted alkeh®sye have
shown, by calculating the rate constants for the individual steps,
that the mechanism proposed by Singleton and CvetaHovic
provides a clear explanation of the experimental data.
Prereactive complexes seem to be common in all radical

molecule reactions, and they are due mainly to the long-range
Coulombic interactions between the reactant molecules. In fact,

in the prereactive complex formed between the OH radical and
an unsaturated hydrocarbon, it is the H atom of the OH radical
which points toward ther electrons of the double bond, even
though the OH group has to flip over in order to form the@
bond in the adduc-1517-19|f the reaction occurs at pressures
high enough for these complexes to be collisionally stabilized,
and if the energy barriers are small, they are likely to play an
important role. SeKigk and Sabljichave also found that such
intermediate complexes play a key role in hydrogen abstraction
reactions from haloethané%.

Considering the OH- aldehyde reactions, if reaction 1 were
elemental with a negligible energy barrier, the rate constant
should depend essentially on the preexponential factor. Thus
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Table 1. Selected Experimental Data for the Reactions: XCHO
OH = H, O + XCO?

X T(K) A Ea(kcal/mol)  k(L/mols) ref
H 200-300 6.03x 10° 21
240-300 5.18x 1(® —0.04 5.54x 10° 20
298 4.67x 10° 32
200-1600 2.86x 1(° —0.45 6.08x 10° 33
CH; 200-300 3.37x 1C° —0.54 8.35x 10° 21
240-530  3.37x 1¢° —0.62 9.55x 10° 20
298 8.73x 10° 34

aRate constants in column 5 are at 298 K.
(rjeactions being 5.54 10° L mol~! s7120 and 6.03x 1(° L
mol~1 s1 21 for formaldehyde, and 9.5% 1(° L mol~t s7120
for acetaldehyde. The experimentally determined Arrhenius
parameterd®2l however, do indicate a very small negative
ctivation energy and a preexponential factor which is larger
or formaldehyde than for acetaldehyde (see Table 1). On the
other hand, a higher reactivity of acetaldehyde is in line with
the fact that the inductive effect of the methyl group should

Using quantum chemical methods, it is possible to calculate
energies of intermediate structures and transitions states with a
reasonable degree of precision, and thus to model the reaction
path of a reaction. Indeed, a 0.996 correlation factor was recently
obtained® between our ab initio calculated effective activation
energies and the experimental rate constants, for the OH radical
addition to a series of substituted ethenes.

Previous theoretical work on the formaldehytd®H reaction
has been reported by Dupuis and Le&teising multiconfigu-
ration self-consistent-field Hartreé-ock (MCSCF) and con-
figuration interaction (Cl) wave functions. They predicted a
positive activation barrier for the aldehydic hydrogen OH
abstraction reaction, of 5.5 kcal/mol. Franci&tosed the ab
initio Mgller—Plesset method up to fourth order (MP4) to
determine the barriers and energetics. He obtained a small
positive barrier of 1.2 kcal/mol and a rate constant in very good
agreement with experiment. The formation of a prereactive
complex was not considered in this paper. In the present work,
his results will be discussed and compared with ours. The
weakly bound complexes of the hydroxyl radical with formal-
dehyde and acetaldehyde were calculated recently by Aloisio
and Francisc¥ using a density functional approach.

Taylor et al® have investigated the reaction of hydroxyl

'radicals with acetaldehyde in a wide temperature range using a
because formaldehyde has two abstractable hydrogen atoms, on y P 9 9

would expect its reaction to be about twice as fast as the one of

ﬁuantum RRK model to describe the competition between
addition and abstraction. They conclude that different reaction

acetaldehyde. This disagrees with the observed experimental . hanisms occur, depending on the temperature, and that OH

results, the reported rate constants at 298 K for OH-aldehyde

(10) Mozurkewich, M.; Benson, S. W. Phys. Chem1984 88, 6249;
Mozurkewich, M.; Lamb, J. J.; Benson, S. \l.. Phys. Chem1984 88,
6435.

(11) Singleton, D. L.; Cvetanovic, R. J. Am. Chem. Sod 976 98,
6812.

(12) Sosa, C.; Schlegel, H. B. Am. Chem. S0d.987, 109, 4193.

(13) Diaz-Acosta, |.; Alvarez-ldaboy, J. R.; Vivier-Bunge, Mt. J.
Chem. Kinet1999 31, 29.

(14) Alvarez-ldaboy, J. R.; az-Acosta, I.; Vivier-Bunge, AJ. Comput.
Chem.1998 88, 811.

(15) Sekuak, S.; Liedl, K. R.; SabljicA. J. Phys. Chem. A998 102,
1583.

(16) Sekuak, S.; Sabljic A. Chem. Phys. Lettl997 272 353.

(17) Uc. V. H.; Garta-Cruz, |.; Hernadez-Laguna, A.; Vivier-Bunge,
A. J. Phys. Chem200Q 104, 7847.

(18) Uc. V. H.; Garta-Cruz, |.; Vivier-Bunge, A. IlQuantum Systems
in Chemistry and Physic&\dvanced Problems and Complex Systems, Vol.
2; Kluwer Academic Publishers: Great Britain, 2000; p 241.

(19) Alvarez-ldaboy, J. R.; Mora-Bz, N.; Vivier-Bunge, A.J. Am.
Chem. Soc200Q 122, 3715.

addition followed by CH elimination is the dominant reaction
pathway between 295 and 600 K. Moreover, they claim that
the H-atom elimination pathway is largely insignificant, except
possibly at the lowest temperatures. Their calculated rate
constant, at 298 K, however, is about a factor of 10 too low.

In this work, the OH+ formaldehyde and the OH-
acetaldehyde reactions shall be characterized using several
methods and large basis sets to obtain an accurate reaction
profile and to reproduce the experimentally observed values of
the activation energy (approximately z&féfor formaldehyde,

(20) Atkinson, R.; Baulch, D. L.; Cox, R. A.; Hampson, R. F., Jr.; Kerr,
J. A.; Rossi, M. J.; Troe, Jl. Phys. Chem. Ref. Dati997, 26, 521.

(21) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F,;
Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R.; Kolb, C. E.; Molina,
M. J. JPL Publication97-4, 1997

(22) Dupuis, M.; Lester Jr., W. Al. Chem. Phys1984 81, 847.

(23) Francisco, J. SI. Chem. Phys1992 96, 7597.

(24) Aloisio, S.; Francisco, J. S. Phys. Chem200Q 104, 3211.
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—0.5 kcal/mol for acetaldehyde?® With the corresponding Qp_r
partition functions, the effective rate constants will then be eq ™ Qxr

calculated, using classical transition-state theory and the pro-

posed hydrogen abstraction mechanism. The results will be Under high-pressure conditions, an equilibrium distribution of reactants
compared with the experimental data and with the results of is mantained in a unimolecular process, and the classical TST formula

K

exp[(Er — Ep_r)/RT] (10)

previous calculations. Our aim is the following:

(i) to show that the same complex mechanism can be applied

to both the formaldehyde and the acetaldehyde reactions,
(ii) to show that consideration of the prereactive complex is

essential for the correct calculation of the rate constant, when
the tunneling factor is significant, as is the case in hydrogen

abstraction reactions, and
(iii) to define a theoretical methodology which is able to

can be applietf to calculatek;:

keT Qrs

k= “h Oon exp[Ep-r — Erg/RT] 11)

wherex is the tunneling factor. The reaction path degeneracy is not
included in this expression since the rotational symmetry numbers are
already introduced in the calculation of the partition functions. The

partition functions are obtained from the rotational constants and the

reproduce theoretically the rate constants of the two reactions.yiprational frequencies of the ab initio calculations. The energy

2. Computational Methodology

Electronic structure calculations have been performed with the system

of programs Gaussian98.Unrestricted ab initio methods were used

to calculate the energies of the radicals. The correlation energy

corrections were introduced with MgllePlesset perturbation theory
and with the coupled cluster method at the CCSD(T) level.
All geometries were fully optimized at the MP2(FC)/6-311G-

(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.

We assume that the reaction occurs according to the following two-

step mechanism:

Step 1: RHC= O + OH" == [RHC = O-+-HO'] (6)

Step 2: [RHC= O++-HO'] —RC= O" + H,0 @)

differences include the zero-point corrections.

The rate constants of the hydrogen abstraction reactions have been
calculated in two different ways, for comparison. In the first one, the
two-step mechanism described above is assumed to hold, and the
effective rate constant is obtained according to the following equation:

k= Kqks

In the second one, it is assumed that the reaction is elemental, the
formation of the prereactive complex is ignored, and the rate constant
is calculated as:

(12)

k=K ———=—exp[Er — Erg/RT]

Qr

It is important to note that these two expressions turn out to be
identicalexceptfor the value of the tunneling factat, which depends
on the activation barrier of the elemental process in which the hydrogen
atom is abstracted.

The tunneling correction is defined as the ratio of the quantum-

K k*;T Qrs (13)

involving a fast preequilibrium between the reactants and the prereactivemechanical to the classical barrier crossing rate, and it is calculated
complex followed by an internal rearrangement leading to the elimina- assuming an unsymmetrical, one-dimensional Eckart function bafrier.

tion of a water molecule. Ik; and k.; are the rate constants for the

For this, we have used the numerical integration program of BFwn.

first step andk, corresponds to the second step, a steady-state analysisThe Gaussian quadrature was performed at 40 points, for increased
leads to a rate constant for the overall reaction which can be written accuracy. A useful measure of the barrier width is the full width of the

as:

k= Ko _ (AlAZ) exp[-(E, + E, — E_))/RT] 8

A,
Since g is zero, the net activation energy for the overall reaction is:

E,=E

a=E—E = (Es— B p - Er—E R =Es—E (9

where k&, Ep—gr, and Ers are the total enegies of the reactants, the

prereactive complex, and the transition state, respectively. Thus, the
activation energy at high pressures can be calculated as the differenc
between the energy of the TS and that of the reactants, without having

to obtain the prereactive complex.
Applying basic statistical thermodynamic principles, the equilibrium

€

barrier at half its height in the forward directiofs, .. Its value will
also be reported.

3. Results and Discussion

The OH radical attack on aldehydes appears to occur in the
following way. At first, the positively charged hydrogen atom
of the OH radical approaches a lone pair of the oxygen atom to
form a very stable prereactive complex, whose energy is found
to be more than 3 kcal/mol lower than the energy of the
reactants. Several such prereactive complexes were identified
in the case of the formaldehyde OH reaction, but in the most
stable one, the OH radical lies in the plane of the CHO group
(Figures 1 and 2). From this structure, the oxygen of OH may
flip, in the plane, toward the hydrogen to be abstracted as the
energy increases to a maximum at the transition state. Another

constant of the fast preequilibrium between the reactants and theProcess may also occur, which leads to OH addition. Starting

prereactive complex may be obtained as:

(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E., Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A,, Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Karkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, G.; Petersson, G. A., Ayala, P. Y., Cui, Q.; Morokuma, K.;
Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T. A,;
Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, V.; Challa-
combe, M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.;
Andres, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, J.Gaussian
98, Revision A.1; Gaussian, Inc.: Pittsburgh, PA, 1998.

from the same prereactive complex, the OH group may flip in
a plane perpendicular to the CHO plane, in such a way as to let
the oxygen atom approach the carbon atom of the aldehyde from
above. It will be shown that the corresponding transition state
has a considerably larger energy than in the abstraction channel.
A third process could be considered, in which the OH radical
would attack acetaldehyde at the methyl group and produce the
formylmethyl radical, CH CHO. Indeed, this hydrogen abstrac-

(26) Pilling, M. J. and Seakins, P. WReaction Kinetics Oxford
University Press: New York, 1996.

(27) Eckart, CPhys. Re. 1930 35, 1303.

(28) Brown, R. L.J. Res. Natl. Bur. Stand. (U. SLp81, 86, 357.
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Figure 1. Optimized structures in the OHt formaldehyde hydrogen

- ’ . Figure 2. Optimized structures in the OHt acetaldehyde hydrogen
abstraction reaction, as obtained at the MP2(FC)/6+31G(d,p) level.

abstraction reaction, as obtained at the MP2(FC)/6+31G(d,p) level.

tion is 25 kcal/mol exothermic. However, the position of the
OH hydrogen atom in the prereactive complex is very far from channel
the methyl hydrogens. In addition, the energy of the methyl )

- . The transition states corresponding to the addition and
C—H bond is about 5 kcal/mol larger than that of the carbony! abstraction channels in formaldehy#i€OH are shown in Figure
C—H bond (egs 4 and 5).

The proposed abstraction mechanism resembles closely the3' Comparing their structures with the ones for similar reactions,

one described by Sekais and Sabljit® in the case of the it is possible to explain why the abstraction transition state is

. : the one with the lowest energy. The transition state for hydrogen
hydrogen abstraction reaction from haloethanes. These authors bstraction from ethaR®calculated at the same level, occurs

have stressed the importance of th? prereactive cqrnplex andilonsiderably later, when the-©H distance between the oxygen
the role of a strongly electronegative atom in guiding the

. S . . -» atom of the OH radical and the hydrogen atom which is
::g'g?\gr%? the very beginning and in lowering the transition- _abs_trag:ted is 1.33 A, as compare_d to 1.41 A for fo_rmalde_hyde,
The MP2 optimum geometries of the intermediate structures g‘:&ﬁg'ng;h?;;higzgggeqhﬁom a':;ggmnagg?eyc:grlsalgzistig?_]httlg
al_ong the hydrogen abstraction reaction paths are S*!OW.“ Ny rmaldehyde occurs much later than, for example, the one in
Figures 1 and 2, and the relevant parameters have been indicate e ethener OH reaction? (the G-+O distance in this reaction
on the figures. The geometries of the prereactive complexesis 2.06 A, as compared to 1.83 A)
obtained for OH+ formaldehyde and OH- acetaldehyde are ’ ' : _' . .
very similar to those obtained by Aloisio and Franc&agsing It can also be observed that, in t_he abstra_xcnon transition-
a density functional method. state structures, the-€H and O--H distances in the case of
Both the hydrogen abstraction and the OH addition channels ™ (29) Garca-Cruz, I., Riz-Santoyo, M. E., Alvarez-ldaboy, R.; Vivier-
have been investigated in the case of the formaldehyde reactionBunge, A.J. Comput. Cheml999 20, 845.

For acetaldehyde, however, we have studied only the abstraction
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Table 2. Relevant Barriers (including the ZPE) and Heat of Reaction Energie, ((including the thermal energy corrections, TCE), in
kcal/mol, for the OH Hydrogen Abstraction Reaction in Formaldehyde and Acetaldehyde and for the OH Addition to Formaldehyde

E, Esf AH E, Eeff AH
E, (abstraction) (abstraction) (abstraction) (addition) (addition) (addition)
Formaldehyde
PMP2 3.24 6.33 3.09 —35.79 11.05 7.81 —16.07
PMP4 2.96 4.94 1.98 —-32.01 10.81 7.86 —15.60
CCSD(T) 3.03 3.19 0.03 —28.13 12.34 9.31 —17.00
experimental —0.04 —33.62
—0.05+0.F
Acetaldehyde
PMP2 4.17 5.60 1.43 —31.84
CCSD(T) 4.18 2.47 -1.71 —27.14
experimental —0.62
—0.54
-1.3

aReference 20° Calculated from data in ref 20.Reference 8¢ Reference 21¢ Reference 5.

the geometry is not optimized at this level and that spin
contamination is not eliminated. Thus, for the addition channel,
the PMP2 results are expected to be more reliable.

The stabilization energy of the prereactive complexes (which
is equal toE-;), the effective activation energie€ £ =
E, — E-1) at 0 K, and the heat of reaction{E- Eg), at 298 K,
of the formaldehydet OH and acetaldehyde OH reactions
are given in Table 2 for the methods employed. The ZPE
corrections have been included in all the energy differences,
except in the case of the heats of reaction, which include the
TCE.

Concerning the stabilization energies of the prereactive
Figure 3. OH addition and hydrogen abstraction and transition-state complexes, the sets of results obtained with the three different
structures of the OH- formaldehyde reaction, optimized at the MP2- methods agree to within 3 kcal/mol for the formaldehyde
(FC)/6-311-+G(d,p) level. reaction and about 4 kcal/mol for the acetaldehyde reaction.

Aloisio and Francisc¥ obtained 8.9 kcal/mol for the former
acetaldehyde indicate that it is formed earlier than for formal- one, which is not surprising since density functional methods
dehyde. The effect is probably due to the electronic effect of in general are known to emphasize positive interactions in
the methyl group, which increases the electronic density at the weakly bound systems.
carbonyl carbon, favoring the abstraction of the hydrogen atom. It can be seen that the PMP2 effective activation energies

The symmetries of the prereactive complexes and of the are overestimated and that, in these reactions, the CCSD(T)
transition states a4\, implying that the radical electronisin  seems to be the most appropriate method to use to obtain good

the plane, where it can attack the aldehyde. activation energies. Indeed, the CCSD(T) results agree remark-
In Table 1, selected experimental data for the rate constantsably well with the experimental values.
and the Arrhenius parameters of the @Haldehyde reactions On the basis of the energy barriers for addition and abstraction

are reported. Considerable differences are observed among thén the case of formaldehyde, it is clear why the addition pathway
experimental parameters reported for the formaldehyde reaction.is not favored in these reactions. The difference between the
The calculated total energies, the zero-point vibrational energy CCSD(T) energies of the transition states for these two channels
corrections (ZPE) of the reactants, the prereactive complex, theis more than 8 kcal/mol. It is interesting to note that almost
transition state, the product complex, and the separated producthalf of this energy difference arises from the zero-point
along the reaction paths for the OH reaction with formaldehyde correction energies. This is clearly due to the fact that the
and acetaldehyde are given as Supporting Information for the transition state for addition is expected to be much tighter than
methods employed in this work. The thermal corrections (TCE) the one for abstraction, and thus its vibrational zero-point
are also included for the main stationary points. In these tables, correction is larger. Even considering that the CCSD(T) method
both corrections are given at the MP2 level, and these valuesis not adequate for the addition channel, the difference in energy
are used to obtain the CCSD(T) energy differences. For the between the transition states for addition and abstraction is also
abstraction reactions, spin contamination is only significant (but large enough at the PMP2 and PMP4 levels to guarantee that
small) at the transition states: it is 0.779 for the formaldehyde only the abstraction channel occurs.
reaction and 0.774 for acetaldehyde, and in the MP2 calculations The energy profiles obtained using the CCSD(T) energies
it is completely eliminated by projection. Thus, for these are shown in Figures 4 and 5. The formation of a stable
particular reactions, the CCSD(T) method applied to an MP2 prereactive complex followed by a transition state whose energy
optimized geometry can be expected to yield reliable energies.is lower (or very slightly higher, in the case of formaldehyde)
In contrast, results obtained in the OH addition channel indicate than the energy of the reactants is clearly observed.
that spin contamination is much more important, 0.919, and it  Product complexes are formed, which present hydrogen bonds
is not eliminated completely by projection. This is not unusual. between the water molecule and the aldehydic radicals and
In fact, Sekuak et al*> also observed, in the case of the OH- which are about 2 kcal/mol more stable than the corresponding
alkene reactions, that the single-point coupled cluster methodseparated products. The best values for the heats of reaction
does not give satisfactory results, probably due to the fact thatare the ones obtained from the PMP2 energies with TCE
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I8 Table 4. Tunneling Parameters and Rate Constants of thetOH
51 Formaldehyde and OH Acetaldehyde Hydrogen Abstraction
/ B Reactions Calculated Using CCSD(T)/6-31:£G(d,p)//MP2(FC)/
5 6-311++G(d,p) and Both the Direct and the Complex Mechanisms
% direct mechanism HCH@ OH CH,CHO + OH
< K b b
g Asiz (A) b b
i k (L/mol-s) 1.17x 10° 3.53x 10°
L. complex mechanism HCH® OH CHsCHO + OH
s - K 5.69 2.47
@ 5= oo Addition Asiz (B) 0.30 0.38
9 " Abstraction Keq (L/mol) 1.27x 102 1.94x 1072
i . k2 (s7h) 6.52x 10 1.09x 104
Reaction Coordinate keﬁ (L/m0|'S) 6.65x 1(P 8.72x 1(P

Figure 4. Reaction profile for OH addition and hydrogen abstraction aEnergies include the zero point corrections at the MP2(FC)/6-
in the OH+ formaldehyde reaction. In this graph, the best energies 311++G(d,p) level.« is the tunneling correction antis is the full
were used in each case: CCSD(T), for abstraction, and PMP2, for width of the barrier at half its height.c < 1.0; therefore, tunneling is
addition. ignored.

ol P s the best value of the effective activation barrier, which is

.. RC : obtained with the CCSD(T) method using the MP2 optimized
geometry, is calculated to be 0.03 kcal/mol. At the same level,
considering the formation of the prereactive complex, the actual
activation energy of the second step in the complex mechanism
of eq 2 is 3.19 kcal/mol. Thus, if the rate constant is calculated
according to the complex mechanism, a tunneling faeter

5.69 is obtained, and the rate constant is 6x6%0° L mol~1

s71, in excellent agreement with the experimental values. If an
elementary mechanism is assumei 0.724, and thus tunneling

204

------ Formaldehyde

25 Acetaldehyde

Relative Energy (kcal/mol)

T - can be neglected and the calculated rate constant is only 1.17

x 1 L mol~1 s71. In this context, we would like to suggest
that the excellent agreement obtained by Franéfdoo the rate
constant of the OH-formaldehyde reaction, using the direct
mechanism, is probably due to a cancellation of errors. His best
Table 3. Partition Functions@), Preexponential Factorg) (Not calculated value for the activation energy was found to be 1.2

Including Tunneling Correction), and Imaginary Frequencigsn( kcal/mol, and his tunneling factor should have been intermediate

cm™) of the TS of the OH+ Formaldehyde and OH-
Acetaldehyde Hydrogen Abstraction Reactions, Calculated at the be_tl_whg?rr:q tr(l)?t;\/r\:ge\gilggﬁs?gle?r:atﬁ% a?g:/eeéctive complex when
MP2(FC)/6-31#+G(d,p) Levet p gthep p

calculating the tunneling correction was already mentioned by

Reaction Coordinate

Figure 5. Reaction profile for OH hydrogen abstraction in formalde-
hyde and acetaldehyde using the calculated CCSD(T) energy values.

reaction HCHO+ OH CHCHO + OH Sekusk and Sabljit? in the case of the hydrogen abstraction
Qo 6.02509x 10° 6.02509x 1071 reaction from haloethanes. However, these authors calculated
Qreon . 4.63150x 1C° g'éégggx 18111 the rate constants, assuming a direct reaction mechanism, and
Qreoncorr () 2 : N hence they found significant discrepancies with the experimental
Qr—r 1.45889x 10 3.14575x 10t
Qrs 7.94138x 104 1.44177x 10“ results.
Qrscorr (*) 6.37514x 10° 1.88582x 10'° )
A 1.42x 10° 1.97x 10 4. Conclusions
Vi 1522 1066

From the above discussion we conclude that, when the OH-
2The indicated partition functions (*) have been corrected for internal  aldehyde reaction occurs at atmospheric pressure, the following
rotations (see text), the other values are those calculated by Gaussian9§,5|y:

) ) ) (i) The addition of the OH radical to the double bond is
corrections. The CCSD(T) energies yield poorer results, as excluded because its activation energy is much higher than the
compared with the experimental results, but all of the theoretical g for hydrogen abstraction. The aldehydic hydrogen atom has
methods employed reproduce correctly the observed trends. 4 relatively small bonding energy (as compared with that of

All quantities necessary for the calculation of the rate alkanes), while the addition of OH to the carbon atom is
constants of the abstraction reactions are given in Table 3. Threeunfavorable. This process resembles the OH hydrogen abstrac-
(for formaldehyde) and four (for acetaldehyde) low frequencies tion from haloethanes, already described by Sakuand
are present in the hydrogen abstraction transition states, inSabljic6
addition to the imaginary frequency. Of these, two (for (ii) The reaction is not elemental.
formaldehyde) and three (for acetaldehyde) can be viewed as (iii) The overall addition of OH is irreversible, due to the
internal rotations. Thus, in the partition function of the transition large thermal effect of reaction AH is about—30 kcal/mol).
state, their harmonic contributions have been replaced by those (iv) The overall rate depends on the rates of two competitive
of free rotors®® The vibration corresponding to the free rotor reactions (the reverse of the first step and the second step in
motion of the methyl group in acetaldehyde was also replaced reaction 1). If the activation energy is negative, the former is
in the partition function. more affected by temperature than the latter.

The details of the calculation of the rate constants are given (30) Benson, S. Wrhermochemical KineticViley & Sons: New York,
in Table 4. In the case of the formaldehyde hydrogen abstraction,1976; p 43.
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The proposed mechanism provides a clear explanation of the In the particular case of a reaction involving the migration
experimental behavior. E-1 is larger tharE,, the former will of a hydrogen atom, if the prereactive complex is not considered,
be relatively more favored by an increase in temperature, andthe height of the actual energy barrier is too small, and the
the overall rate will decrease. In the OHaldehyde reactions,  tunneling factor is underestimated, affecting the calculation of
the effective negative activation energy is well founded and the rate constant. In the reactions studied in this work, both

cannot be an artifact of the experimental method, as claimed gffects are present: a negative activation barrier and a hydrogen
by Benson and Dob#&for similar radical-molecule reactions. atom migration

We claim that the results of the present work, together with
those of Sekiemk and Sabljit® and previous results obtained in
our group®141719 have significant implications on the theory , )
of transition states in general. In fact, it is well-known that the ~ Acknowledgment. We gratefully acknowledge the financial
reaction profile of any bimolecular reaction presents a minimum Support from the Instituto Mexicano del Pd&o through
along the reaction coordinate, previouis to the transition state, Program FIES-95-97-VI, the Ministerio de EducatiBuperior
which is commonly called reactants complex, van der Waals de Cuba and the Natural Sciences and Engineering Research
complex, or prereactive complex. This implies that, strictly Council of Canada (to R.J.B.). N. M. D. thanks Dalhousie
speaking, in the gas phase there are no elemental bimoleculatUniversity for a Graduate Scholarship. Special thanks are due
reactions, even though, in most cases, the possible formationto Professor P. D. Pacey at Dalhousie University for his valuable
of the complex is irrelevant. Nevertheless, the point correspond- comments and discussions and for providing the programs used
ing to the prereactive complex on the potential energy surface to calculate tunneling factors and barrier thickness.
is especially important in radicalmolecule reactions, many of
which are known to occur with an apparent negative activation

energy. Supporting Information Available: Tables of total energies,
(31) Benson, S. W.; Dobis, Q.. Phys. Chem. A998 102, 5175. zero-point and thermal energy corrections, in hartrees, tables

(32) Yetter, R. A.; Rabitz, H.; Dryer, F. L.; Maki, R. G.; Klemm, R.B.  of optimized geometries in Cartesian coordinates (PDF). This
J. Chem. Phys1989 91, 4088. terial i ilable f f ch ia the Int t at

(33) Tsang, W.; Hampson, R. B. Phys. Chem. Ref. Dati986 15, matenal 15 avallable iree or charge via the [niernet a
1087. http://pubs.acs.org.

(34) Tyndall, G. S.; Staffelbach, T. A.; Orlando, J. J.; Calvert, JnG.
J. Chem. Kinet1995 27, 1009. JA003372G




