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A Computational Study of the Kinetics of the NO; Hydrogen-Abstraction Reaction from a
Series of Aldehydes (XCHO: X=F, ClI, H, CH3)
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In the present study, ab initio methods are used to study thehjdrogen-abstraction reaction from a series

of aldehydes: FCHO, CICHO, HCHO, and gEHO. MP2 and BH&HLYP optimizations were carried out,
followed by CCSD(T) single point calculations, using the 6-311G(d,p) basis set. Classical transition state
theory (TST) is applied for the calculation of the rate constants, and tunneling corrections are considered
assuming an unsymmetrical Eckart barrier. The experimental results (activation energy fog@téCidaction

and rate constants for the reaction of N@ith HCHO and CHCHO) are well reproduced at the CCSD-
(T)//BH&HLYP level of theory with some corrections. The same level was chosen to predict the remaining
unknown kinetic parameters. At this level of calculation the reactions studied were assumed to be elementary.

Introduction The reaction of N@ radicals with atmospheric organic mol-
ecules can lead to the formation of undesirable compounds such
as HNQ,'? peroxyacyl nitrates (PANSF and dinitrateg? The

only primary source of N@in the troposphere requires the
simultaneous presence of N@nd Q in the same airmass,

but during the daytime Néradicals photolize rapidly, thus its
presence in the troposphere is significant only in the nighttime.

The consequences of the emission of aldehydes into the
atmosphere or their formation in the troposphere from the
decomposition or oxidation of other pollutants have been the
object of several experimental and theoretical stutlles well
known that during the daytime the photolysis of aldehydes and

thelgreactlon glthqu rhad|'<(:als are the ”.""Saproﬁab'? procisieS'Measurements made over the past 15 years show nighttimge NO
The OH ra 'C?] IS the key specr:es In the chemistry of t e. concentrations near ground level over continental areas ranging

daytime troposphere, since it is the most important oxidant; up to 1.7x 104 mol L1 (1.0 x 10° molecule cm?).11 It has

practically all organic and inorganic compounds are transformed been mentioned that just as the OH radicals control the chemistry

by reaction with OH. The hydroxyl radical is formed mainly ¢ e gaytime atmosphere, N@adicals have the same role in
from three routes: the photolysis o@nd HONO and from e pighttimels Thus we should expect the reaction with NO

the reaction between Hcand NO (the most important SOUrce  pjicals to be an important nighttime tropospheric removal route

und_er noon-time C_ond_itions). In the absen_ce of sunlight the OH ¢, aldehydes, as has already been mentioned elseWhehe.
radical concentration in the troposphere is very fow. reaction of NQ radicals with unsaturated organic compounds
Numerous studies of the reaction of OH with aldehydes have (g|kenes, halogenated alkenes, alcohols, terpenes) is also known
been performed, both experimentally and theoreticalyery (g represent an important sink for these species in the nighttime
recent theoretical studieshowed the importance of considering troposphere, and a number of experimental and theoretical
the formation of a reactant _complex in the ki_netics of the OH gi,dies have been performed in this directidiExperimental
hydrogen-abstraction reaction from a series of aldehydes gydies on the reaction between alkanes, aliphatic alcohols, and

(XCHO: X =F, Cl, H, Ch), at the level of theory chosen  gthers with NQ radicals have also been performiéd?
(geometries and energies were calculated at the MP2(FC) and

CCSD(T) levels of theory, respectively, using the 6-3#G-
(d,p) basis set). The importance of aldehydes in the chemistry
of the polluted atmosphere has been explained elsewliére.
Transition state theory (TSTWwas applied for the calculation

Which the overal rate depends on the fates of two competiive S2Ct0nS between Nadicals and aliphatic aldehydes:(
P P Cs, and certain ¢and G aldehydes, among othet&1°have

;gﬁ‘g\t,\'l%rés:b a trr?g?rrrsé?/fr:itglgwhhzi aerﬁzcg;r:;ggg]pltixfg;?rmgd’oeen performed, although most of the activation energies and
y yarog Arrhenius preexponential factors have not been reported.

ie\rgc()jrl:)%trsa)u;\gltgsssuucrﬁ(iansg;fgll rjrsls)l/t;r::t?izz:"E%lf:rrtriggﬁgrs were According to the NIST chemica] kinetics databasesfore .the

. . . ) C second half of 1998 the activation energy of theN€action
Nitrate radicals were first detected in the stratosphere |n91978 with CH,CHO was the only one determined. Rate constants have

and two years later were observed in the tropospHeTdis been reported for HCHO and GEHO 3202t no kinetic

free radical, as well as the OH radical, is a strong oxidizing data are available for FCHO and CICHO. Furthermore. no
agent and reacts with a number of other atmospheric spEcies. previous theoretical determinations of the kinetic parameters
for NOs3 reactions with aldehydes have been published.
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There have been fewer kinetic studies on the reactions of
NOs with aldehydes than on the corresponding reactions with
OH radicals. The explanation may be due to differences in the
reactivities of these two oxidant radicals, among other factors,
as discussed below. Several experimental kinetic studies on the
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activation energy and rate constant of every reaction taking placeto characterize transition state (TS) structures, vibrational
in the atmosphere, it would be possible to predict the chemical frequencies, and classical barrier heights for several reactions,
destiny of all compounds emitted to or generated in the including some hydrogen transfer processes. Furthermore, the
atmosphere. This knowledge would also allow us to estimate addition of diffuse or polarization functions to the 6-311G(d,p)
the lifetime of every atmospheric species so that it would be basis set has been shown to be unimporrtherefore, for
possible to foresee their degree of migration into the different the NG; reactions we decided not to include diffuse functions
atmospheric regions, and their potential consequences. Unfor-in the basis set.
tunately such experimental studies are often difficult to achieve  For reasons discussed below, the reactions were assumed to
and therefore theoretical predictions are an important alternative.occur in a one-step mechanism:

Due to the lack of kinetic information concerning the reaction
of NO; with aldehydes, we decided to extend our previous XCHO + NO;— XCO+ HNO; (X =F,Cl, H, CH))
studie$ on the reactions with OH radicals to the plydrogen-
abstraction reactions with the same series of aldehydesAccording to classical TST, the expression to calculate the direct
(XCHO: X = F, Cl, H, CH): Previous calculations on the or elementary rate constants, can be written as

0 le) kBT TS ETS _ Ereac
” | kD = KDT QQreacteXr{ ( kBT )) €Y
C NO —_— C. + HNO

/N ’

X H

/

X wherekp is the tunneling factoikg is Boltzmann’s constanh
is Planck’s constanteX and QX are total molecular energies

reaction of formaldehyde with Oshowed why the addition  (at 0 K) and standard molar partition functions (divided by
reaction of OH to the carbonylic double bond does not occur. Avogadro’s number) of the TS and the reactants (react),
Since the N@ radical is less reactive than the OH radical we respectively. These partition functions are approximated as
should not expect the addition reaction of N be of any products of electronic, vibrational, internal-rotational (where
importance. Dluglokencky and Howat#, confirmed an ab- applicable), rotational, and translational partition functions.
straction mechanism for the GBHO + NO; reaction, on the Standard molar partition functions were calculated by using
basis of the nondetection of NGn the product mixture and  the molar volume of an ideal gas at the standard pressure (we
also because of the positive temperature dependence of the rathave used p= 1 atm) in the calculation of the translational
constant found. partition function. Rotational constants and harmonic vibrational

In the present study, high level ab initio calculations are frequencies obtained from the ab initio calculations were used
performed to investigate the N@ydrogen-abstraction reaction  to calculate the rotational and vibrational components of the
from FCHO, CICHO, HCHO, and C{CHO. In addition, total partition function. For the TS, the contribution of the
classical TST is applied to the calculation of the rate constantsimaginary frequency to the vibrational partition function was
and tunneling corrections are considered. Our aim is to provide excluded. This is the procedure followed by Gaussian 98.
accurate theoretically determined kinetic parameters for these The tunneling factor and the full width of the barrier at half

reactions. its height Asy») were calculated by assuming an unsymmetrical
_ _ Eckart barrie® The values of these two magnitudes depend on
Computational Details the forward and reverse energy barriers and also on the value

Electronic structure calculations have been performed using of the ima_gina_ry freqL_Jency of the TS. A modified version of
the Gaussian 98 series of prograthsill geometries of the the numerical integration program of Brotnvas used for the

reactants, products and stationary points were fully optimized. @lculation of the tunneling factor, in which the numerical
Unrestricted ab initio methods were used to calculate the energy'nteg,r,atlon was performgd overa 40-pq|nt Gaussmn quadrature.
of the radical species. Geometries were optimized at the MPZ-Add't'_Ona.I support for this model to estimate tunneling correc-
(FC) and BH&HLYFZ levels, and the character of all species tONS iS given elsewher®.
was confirmed by a frequency calculation at the same level.
Energies at the CCSD(T) level were calculated using the MP2
and BH&HLYP geometries, and in all cases the 6-311G(d,p) 1. The NO; Radical. There is a great deal of conflicting
basis set was used. evidence both experimental and theoretical as to the ground
In related papers CCSD(T) energies obtained from MP2-  electronic state and geometry of N& While the experimental
(FC) geometries using the 6-3t%G(d,p) basis set, were evidencé®®2’suggests &3, equilibrium ground state, quantum
sufficiently good to reproduce experimental activation energies chemical studies are divided betwelg,?® and C,,2° (or even
and rate constants for the reaction of OH radicals with HCHO Cs), depending on the applied method. T®g, structures have
and CHCHO. A later study on the HCHG- OH systen?* been considered in the theoretical calculations and these have
which contains a comparative discussion on the performancebeen previously denoted as 1L2S and 18®laccording to the
of different levels of theory (MP2, MP4, B3LYP, BH&HLYP),  number of short (S) and long (L) NO bonds. Discrepancies
showed that the CCSD(T)//MP2(FC) selection of methods gives between these predictions are partly due to the inherent
the best results for this system and that the inclusion of diffuse difficulties of treating NQ properly, since it is an open-shell
functions on the hydrogen atoms does not change the resultamolecule with partial double bonds and low-lying excited
significantly. BH&HLYP, combined with a CCSD(T) single electronic states.
point calculation, works better for this system than the other  Several coupled-cluster calculations of different types have
hybrid DFT methods we tried. CCSD(T)//B3LYP barriers are led to contradictory results for the N@Qround state equilibrium
too low, resulting in rate constants larger than expected. In geometry. A Fock space multireference CCSD (FSMFCSD)
addition, we should mention that in previous stutfiegth DFT calculation yielded the symmetrig, structure as the global
methods it was concluded that BH&HLYP is the best functional minimum on the potential surfadéd"whereas a quasirestricted

Results and Discussion
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TABLE 1: Calculations on the NO3; Radical at Different Levels of Theory Using the 6-311G(d,p) Basis S&t

MP2(FC) BH&HLYP MP2(FC) BH&HLYP MP2(FC) BH&HLYP

geometry Dan Dan Cp, 152l Cs,'1S2L’ Cp'1L2S’ Cp'1L2S’
d(N,0Y) 1.244 1.181 1.380
d(N,0?), d(N,0%) 1.244 1.247 1.204
0(0%L,N,0?) 120.0 127.0 113.6
E(PMP2) —279.66345 —279.64122 —279.62950
E(CCSD(T)//MP2(FC)) —279.66671 —279.66367 —279.66343
NImag 0 0 0
d(N,0Y 1.210 1.174 1.326
d(N,0? 1.210 1.241 1.184
0(OLN,0?) 120.0 126.2 114.3
E(BH&HLYP) —280.12240 —280.12821 —280.13238
E(CCSD(T)//BH&HLYP) —279.66323 —279.66297 —279.66251
NImag 2 1 0

a Atomic distances in A, angles in degrees, and energies ifi ldumber of imaginary frequencies.

TABLE 2: Calculation of the Hydrogen Affinities (HA, in
kJ/mol) of Some Radicals of Interest at the PMP2 level using
MP2(FC)/6-311++D(d,p) Geometries

Hartree-Fock CCSD (QHFCCSD) calculation generateda,
(1L2S) ground staté¥ the same result was obtained with
Brueckner orbitald®aIn contrast, by including triple excitations

in single-point calculations, the global minimum was found to radical (X) HA

be of D3, symmetry2sf OH —508.2
A very interesting study on symmetry breaking and its effects Hgg :ggg:i

on the potential surface of NOwas recently performed by CHsCO —371.8

Eisfeld and Morokuma82 The authors refer to the symmetry
breaking® of the electronic HF wave function as a problem
frequently encountered in systems of high nuclear symmetry.
The symmetry breaking or “symmetry dilemma”, as named by
Léwdin, is an artifact caused by an inadequate approximate '
solution of the electronic Schdinger equation. Apparently, this studies.

phenomenon results from a dominance of the orbital localization ~ The present study does not attempt to add new insight into
effect over the resonance effect and leads to three differentthe previous discussion about the N@ound-state symmetry.

a HAX = EH)( - (EH + Ex)

predicts theD3p structures to be of lower energy. Our calcula-
tions on the NQ@ radical are in agreement with the previous

solutions for the ground electronic state of N@orresponding

The above controversy will be used later in the paper to justify

to equilibrium geometries that are not connected on the sameOur selection of computational methods.

potential energy surface. Eisfeld and Morokuma'’s study con-
cludes that the effective equilibrium geometry of the\i@dical
is Dan. Their calculations, performed at the MSDCI level

By simple inspection of the reported activation energies and
rate constants for the OH and N@eactions from aldehydés,
it is easy to realize that N{Os a less reactive molecule. This

with selected electronic configurations and an N-electron basis situation can be justified by analyzing the spin density distribu-
of CASSCF orbitals, showed that even CCSD and CCSD(T) tion in the radicals. In th®s, NOs molecule, the spin density
cannot completely overcome the symmetry breaking of the is homogeneously distributed among the oxygen atoms, while
reference function and that three solutions with slightly different for the OH radical the spin density distribution is localized on
energies are obtained. Their study also confirmed previous oxygen. Another chemical reason to explain the smaller reactiv-

observation®' about the inclusion of triplets in coupled-cluster
calculations.

It has been shown that spin-unprojected MghBtesset
perturbation theory calculations (MP2 and MP4) predict the NO
ground state to be dDs, symmetry?% although MP2 results
still suffer from artifactual symmetry breaking since three
different results are obtaine®

In general, DFT methods have been reported to yi2id
symmetric densities and equilibrium geometries for thesNO
radical28ce2% A study by Sherrill et afé showed that DFT
methods tend to avoid artifactual spatial symmetry breaking in
the equilibrium geometry region even when unrestricted Har-
tree—Fock (UHF) fails. They also showed that the exchange
functional seems to be more important than the correlation
functional in determining whether a symmetry-broken solution
is obtained, and that hybrid functionals which include large
amounts of HF exchange lead to symmetry breaking.

The results obtained for the NQadical at the levels of
calculation employed in this work are listed in Table 1. At the
MP2 level theDap structure is the minimum, while at the
BH&HLYP level the NO; molecule prefers &C,, (1L2S)
structure, thés, structure being a saddle point of second order.
With both geometries, the CCSD(T) single point calculation

ity of the NG; radical can be found in its smaller hydrogen
affinity, HA (see Table 2). The HA of N®radicals is much
smaller than that of OH, and not too much larger than the HA
of HCO and CHCO, radicals with which the Ngradicals have

to compete. As a result of the lower reactivity of B@dicals,

we should expect less stable reactant complexes and higher
activation energies to form the TS, in comparison to the results
obtained for the analogous Gtaldehyde reaction’.

2. The Reaction of N@Q Radicals with HCHO and
CH3CHO. We begin by explaining our selection of the best
combination of methods that reproduce the experimental kinetics
of the NG; hydrogen-abstraction reaction from HCHO and«H
CHO. The experimental rate constants, Arrhenius preexponential
factors and activation energies are listed in Tables 33HO
+ NO3) and 4 (HCHO+ NO3).

Previous calculations on the OH reaction with {LHHOP2
showed that the abstraction of the aldehydic hydrogen atom is
favored. It has also been shown that the rate constant for the
abstraction of one of the methyl hydrogen atoms is 10 times
smaller3? Since the NQ@radicals are less reactive than the OH
radicals, they should be more selective and the aldehydic
hydrogen-abstraction should be the dominant process taking
place in the reaction of Nowith CH;CHO.
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TABLE 3: Experimental Kinetic Results for the NO 3 Reaction with CH;CHO

Ea? AP kb T (K) P (atm) ref (year)
16.3 1.581C° 263—-363 1 21a (2001)
(15.46+ 4.16) 8.43x 10° 1.64x 108 260-370 3a (199
15.5 8.43x 10° 1.64x 1C° 260-370 3b (199
(15.80+ 2.53) 8.43x 108 1.44x 1C° 200-300 3c (199
(15.49+ 0.31) (8.67+ 0.87)1C° 1.67x 10° 264-374 20a (199
(15.46+ 2.47) (8.67+ 1.00)1C8 1.69x 10° 264-374 c 21b (1989)
(1.26+ 0.4) x 10° 299 0.921 13a (1986)
(81+£1.7)x 10 298 0.974 20d (1984)
(7.234+ 1.25) x 10° 300 0.987 21c (1974)
2kJ/mol.P At 298 K, in L/mol-s. ©0.00132-0.00145 atm? Literature review.
TABLE 4: Experimental Kinetic Results for the NO3 The BSSE was calculated using BH&HLYP as well as
Reaction with HCHO CCSD(T) (only for the CHCHO—NO; TS) energies, and are
Es A ke T(K) P(atm) ref (year) denoted BSSE(BH&H) and BSSE(CC), respectively. When
207 1.20x 10°° 3.49x 10 298 3a (1999) these two corrections are added to the CCSD(T)//BH&HLYP
(3.49+ 2.00)x 10° 298 3b (1997 barrier, activation energies in good agreement with experiment
3.49x 0° 298 3¢ (1997 are obtained.
(3.49+£2.00)x 10° 298 20a (1997) Bearing in mind the uncertainty about the ground-state

(3.25 0.65)x 10° 295 0.974 20b (1988) ; ;
(3794 064)x 1° 298 0921 20c (1985) symmetry of the N@ radical, we decided to try another

(195+0.16)x 1 298 0.974 20d (1984) correction to the CCSD(T)//BH&HLYP barrier. Since the lowest
CCSD(T) energy for N@ is obtained at the MP2(F)s,

geometry (see Table 1), we choose to combine this result with

the previous CCSD(T)//BH&HLYP calculations. That is,

. . . . L , BH&HLYP geometries are used in the single point CCSD(T)
While this paper was in preparation, a publication by D’Anna calculations except for NOfor which the MP2(FC)Dan

and co-worker$?reported the rate coefficient of the acetalde- gctyre is used. Frequency calculations are performed at the
hyde reaction with N@Dby the absolute rate fast-flow-discharge  gig ) vp level. Results using this correction will be denoted
technique and by a relative method. They also optimized the ccsp(T)/BH&HLYP(MP2) throughout the text. The activation
TS of the aldehydic and methyl hydrogen-abstraction reactions energy obtained (16.3 8 K and 18.5 at 298 K, in k/mol) is

at the MP2/cc-pVDZ level, although activation energies were very good agreement with experiment (1585.3 kd/mol).

not estimated theoretically. Their experimental and theoretical The reaction enthalpy calculated in this way-i§3.6 at 0 K,
results point to the aldehydic hydrogen-abstraction reaction asand—53.3 at 298 K (in kJ/mol), also in very good agreement
the only pathway for the Néxeaction with acetaldehyde under  jith the latest experimental value-$3.3 kJ/mol).

atmospheric conditions, in agreement with ideas derived from  For the HCHO+ NO; reaction the calculated activation

akJ/mol.P At 298 K, in L/mols.°Suggested in ref. 3a (1999).
d Literature review.

a previous work®@based on bond dissociation energies. energies and reaction enthalpies have been reported in Table 6
Energies obtained at different levels of theory were used to (both at 0 and 298 K). For this reaction an activation energy of
calculate the activation energy of the gEHO + NOjs reaction, 20.2 kJ/mol has been suggested by analogy with the reaction

and the values obtained are shown in Table 5, along with the of NOz with CH;CHO32 The best results are once again
calculated reaction enthalpies (both at 0 and 298.15 K). This is obtained at the CCSD(T)//BH&HLYP level after considering
the only reaction among those studied for which activation the above-mentioned corrections (CCSD(T)//BH&HLYP
energy values have been measured. BSSE(BH&H) and CCSD(T)//BH&HLYP (MP2)). The reaction
The PMP2 barrier is overestimated, as usual. This time the €Nthalpy obtained at the CCSD(T)/BH&HLYP(MP2) level
CCSD(T) calculation using MP2 geometries gives barriers that (~29:1 kd/mol) is in excellent agreement with experiment as
are still too high in comparison with experiment. The BH&HLYP well (=57.1 kJ/mol). " . .
and CCSD(T)//BH&HLYP barriers are too low. To correct these The values of the partition functions n.eeded for. the calculation
last two barriers, an estimate of the magnitude of the basis setOf the TST rate constants of the reactions studied at MP2 and
superposition error (BSSE)was calculated by applying the BH&HLYP levels of theory are given in Table 7, as well as

counterpoise (CP) meth#dto the TS, following the original the imaginary Erequency of the TS. Several low frequencies
. . o o (below 300 cn1t) in addition to the imaginary frequency were
rocedure in which the “monomeric units” (the reactants) upon .
Forming the “intermolecular complex” (the (TS) are not fu)rthper calculated for the hydrogen-abstraction TS. Of these, three were

- . B N . . identified as internal rotations (or torsional vibrations) by
optimized, i.e., Fhe monomers” are frozen in their supermo- visualization of the normal modes. These harmonic modes
lecular geometries. correspond most closely to the three new internal rotors created

Estimates of the effects of the BSSE by the CP method havejn the TS (XCOH"ONO,, XCO"HNOs, and XCOHO'NO,),
been found to be misleading for hydrogen bonded dimers, sincewhere the common axes for internal rotation are the ones linking
they do not provide quantitative information about the basis the reactants, products, and one along the?\bond with the
set deficiencie$? Furthermore, it has been shown that the use oxygen atom abstracting the hydrogen. These were the axes
of large enough basis sets so that the CP correction is smallconsidered in the calculation of the reduced moments of inertia.
does not guarantee accurate results and that for smaller basiThese harmonic modes were treated as free rotors in the
sets the inclusion of this correction does not systematically calculation of the internal rotation partition function of the TS
improve the accuracy of the calculatioifsDespite these  (Qr").3738 This has also been the procedure followed in
criticisms and the fact that other methods for correcting the previous related studi€s?®
BSSE have been discussed in the literaftae CP correction The harmonic contributions of these low frequencies were
continues to be most widely used method for this purgése. eliminated from the vibrational partition function in order to
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TABLE 5: Activation Energy ( E;) and Reaction Enthalpy (AH), in kd/mol at 0 and 298.15 K, for the NO;
Hydrogen-Abstraction Reaction from CH3;CHO at Different Levels of Theory

basis set: 6-311G(d,p) E0K E, 298K AHOK AHR@98K)
PMP2 109.7 111.7 —-32.4 —-31.1
CCSD(T)/IMP2(FC) 23.2 25.3 -75.6 -74.3
BH&HLYP -0.3 1.9 —65.5 —65.1
CCSD(T)//BH&HLYP 5.3 7.5 —64.7 —64.3
BH&HLYP + BSSE(BH&H) 6.9 9.1
CCSD(T)//BH&HLYP + BSSE(BH&H) 12.4 14.6
CCSD(T)//BH&HLYP + BSSE(CC) 18.8 21.0
CCSD(T)/[BH&HLYP(MP2) 16.3 18.5 —53.6 —53.3
experiment 163 —53.3
(15.46+ 4.16% -67.3
(15.80+ 2.53F
aRef. 21a (2001)° Ref. 3a (1999), 3b (1997), 20a (1991), 21b (198Ref. 3¢ (1997)¢ Ref. 3a (1999)¢ Ref. 3b (1997).
TABLE 6: Activation Energy ( E,) and Reaction Enthalpy (AH), in kJ/mol, at 0 and 298.15 K for the NG
Hydrogen-Abstraction Reaction from HCHO at Different Levels of Theory
basis set
6-3llG(d,p) Ea(o K) Ea(298 K) Ea(—l)(o K) Ea(2)(298 K) AH(O K) AH(298 K)
PMP2 118.2 119.3 —70.0 48.2 —41.2 —40.2
CCSD(T)/IMP2(FC) 324 33.6 10.7 43.2 —81.1 —80.1
BH&HLYP 3.2 3.9 51 8.3 —70.1 —70.0
CCSD(T)/IBH&HLYP 11.3 12.0 6.7 18.0 —70.3 —70.2
BH&HLYP + BSSE(BH&H) 10.2 10.9
CCSD(T)/IBH&HLYP + BSSE(BH&H) 18.3 19.0
CCSD(T)//BH&HLYP* 22.4 23.1 —4.4 18.0 —59.3 —59.1
experiment 202 —57.p
—58.#

aSuggested in ref. 3a (1999), 3b (1997Ref. 3a (1999)¢ Ref. 3b (1997).

TABLE 7: Total Partition Functions ( Q) of the Reactants and the TS, and Imaginary Frequency»* in cm~1) of the TS of the
NO3; Hydrogen-Abstraction Reaction from XCHO (X = F, Cl, H, CH3), Calculated at Different Levels of Theory

level of theory calculation FCHG NO3 CICHO + NO3 HCHO + NOs; CH;CHO + NOs
MP2(FC)/6-311G(d,p) Q%) 1.70737x 104 1.70737x 104 1.70737x 101 1.70737x 104
QXCHo 1.13573x 10 3.90682x 10% 4.61479x 1@ 2.97963x 1012
Qrs 3.90874x 10% 1.44419x 106 7.39244x 10* 1.53333x 10
MQ.-=if 28.649 41.307 17.383 90.815
QRr'S9 4.78689x 10¢ 8.51824x 10 1.55481x 10* 1.64320x 10°
corr' o1 6.53102x 108 2.97821x 10% 6.61219x 10Y 2.77441x 10'°
v* 2703 2335 1395 998
BH&HLYP/6-311G(d,p) QNosgSV) 5.50530x 10'* 5.50530x 10t 5.50530x 10'* 5.50530x 10
XCH 1.08003x 10 3.79813x 10 4.42745x 10° 2.79523x 10
TS 5.34208x 10'° 1.82529x 106 1.09900x 10'° 8.36021x 10'¢
NQ.=i 33.585% 48.383 23.921 393.66"
QRS9 4.68184x 10* 8.46634x 10 1.38936x 10* 1.66813x 1CP
corr O 7.44708x 10'8 3.19401x 10'° 6.38324x 10 3.54265x 10
Ve 1983 1503 239 141

3 Quon™M0 = 5.39632x 10", *i=1,3,4.6i =1, 3,491 =1, 2,4.°i = 1, 2, 4, 6."Vibrational components that were eliminated from the
calculation of Q,"S. 9 Total internal-rotational partition function of the T'SCorrected total partition function of the TSQ.°HCHC = 5.10774
x 1011.0i=1,3,4%i=1,3,4'i=1,2,4"i=1,2,4,6.

correct the total partition function of the T®dr'5):

TS
Qcorr -

QTSQ| RTS

M-

For CHCHO and its TS, the internal rotation around theC
single bond was also considered and treated as a free rotor.
TST direct (elementary) rate constarks)(at 298 K for the

reactions of CHCHO and HCHO with NQ@radicals calculated

at different levels of theory are given in Tables 8 and 9,
respectively. Some experimental results have been included forconsidering the complex character of the kinetics of a ragical
comparison. The tunneling corrections) (have also been

reported in these tables.

In both cases the CCSD(T)//BH&HLYP(MP2) calculation
gives the best rate constants (1211(° for CH;CHO + NO3
and 2.09x 1 for HCHO + NQOs), in very good agreement

with experiment (1.261.69 x 10° for CH;CHO + NO3; and
1.95-3.79 x 1 for HCHO + NOs). Rate constants at other
levels of calculation are not able to reproduce the order of the
experimental values for both reactions. The CCSD(T)//MP2-
(FC) rate constants are less than an order below experiments
but the activation energies for both reactions are overestimated.
From this we conclude that the CCSD(T)//BH&HLYP(MP2)
should be the best method to predict the unknown kinetic
parameters.

2.1. Elementary or Complex ReactionBf?e significance of

molecule reaction was one of the main conclusions of a recent
publication® Later it was shown that even for reactions with
less stable reactant complexes and higher activation energies
(FCHO + OH and CICHO+ OH)®® a complex mechanism
should also be considered. Furthermore, it was shown that for
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TABLE 8: Rate Constants (kp in L/mol-s) and Tunneling Corrections p) for the NO3 Hydrogen-Abstraction Reaction from
CH3CHO, Calculated at Different Levels of Theory Using the 6-311G(d,p) Basis Set and Considering a Direct Mechanism at
298.15 K

level of calculation KD ko ref (year)

PMP2 3.33 3.8% 10°%

CCSD(T)//MP2(FC) 2.81 4.45 10

BH&HLYP - 8.69x 108

CCSD(T)//BH&HLYP 1.02 9.51x 10’

BH&HLYP + BSSE(BH&H) 1.02 4.95¢ 107

CCSD(T)//BH&HLYP + BSSE(BH&H) 1.02 5.31x 10°

CCSD(T)//BH&HLYP + BSSE(CC) 1.02 416 10

CCSD(T)//BH&HLYP(MP2) 1.02 1.1k 108

experiment 1.58 10° 21a (2001)
1.64x 1P 3a(1999), 3b (1997)
1.44x 1¢° 3c (1997)
1.67x 1P 20a (1991)
1.69x 1¢° 21b (1989)
(1.26+0.24) x 10° 13a (1986)

TABLE 9: Rate Constants (kp in L/mol-s) and Tunneling Corrections (p) for the NO3 Hydrogen-Abstraction Reaction from
HCHO, Calculated at Different Levels of Theory Using the 6-311G(d,p) Basis Set for the Direct and Complex Mechanisms at
298.15 K

direct mechanism complex mechanism
level of calculation KD ko K Kett ref (year)

PMP2 23.16 2.3% 107 11.97 1.24x 10710

CCSD(T)/IMP2(FC) 8.96 9.66 10¢ 11.08 1.19x 10°

BH&HLYP 1.05 4.78x 10° 1.06 4.81x 1¢°

CCSD(T)//BH&HLYP 1.06 1.78« 107 1.06 1.78x 10/

BH&HLYP + BSSE(BH&H) 1.06 2.86¢ 107 1.06 2.86x 107

CCSD(T)//BH&HLYP + BSSE(BH&H) 1.06 1.06< 10° 1.06 1.06x 1C°

CCSD(T)//BH&HLYP(MP2) 1.06 2.0% 10° 1.06 2.08x 10°

experiment (3.4% 2.00)x 10° 3a (1999), 3b, 3c (1997),

20a (1991)

(3.25+ 0.65)x 10° 20b (1988)
(3.79+£ 0.64)x 10° 20c (1985)
(1.95+ 0.16) x 10° 20d (1984)

these two reactions, the percent difference between the elemenThe overall rate constant for the formation of the product
tary (direct) and complex (effective) rate constants was smaller complex following the above complex mechanid) can be
than the difference found for the HCH® OH reaction, in written as

which a smaller activation energy was found. It was rationalized

that the larger the effective energy barrier for radigablecule _ I‘1_k2 —K

reactions and the smaller the stabilization energy of the reactant Kett = k., N eqk2

complex, the more closely its behavior resembles an elementary

reaction. wherek; andk-; are the forward and reverse rate constants,

Intuitively for the NG reactions we should expect higher respectively, for the first step, arld is the rate coefficient of
activation energies and less stable reactant complexes, and thefhe second step.
a smaller percent difference between the elementary and Applying basic statistical thermodynamics princiglesr the
complex rate constants in comparison with the analogous OH calculation of the equilibrium constant of the first stefe.q)
reactions. In other words, the kinetic behavior of the ;NO @and the classical TST formula to calculae
reactions should resemble more closely a bimolecular elementary

) i _ ) RC RC reac
reaction, and we would like to determine whether the assumption K =Q exr{ ET—E )
of considering these reactions to be elementary is valid or if e Qreact KgT
we need to consider the formation of the reactant complex. kBTQTS ETS _ gRC
For the simplest system, the HCH® NO; reaction, two k, =« - ex;{ )
possible mechanisms were considered: a direct or one-step h Q ke T
mechanism, in which the hydrogen abstraction takes place in .
an elementary step, and a two-step mechanism that involves i¥eff can be written as
fast preequilibrium between _the regctants and the reac_tant KT ATS (ETS— Ereac)
complex (RC), followed by the irreversible hydrogen abstraction Ko = K B8’ Q ;{ ) (2)
that takes place in the reactant complex to form the products h qreact ke T
(product complex):
The only difference between expressions 1 and 2 lies in the
Step1: HCHO+ NO, = [HCHO---NO,] value of the tunneling factor, which depends on the forward
and reverse potential energy barriers of the elementary process
Step 2:  [HCHG:-NO;] — [HCO:---HNO,] in which the hydrogen atom is abstracted. For the complex

mechanism these energy barriers are calculated from the energies
Step 3:  [HCG--HNO;] —~ HCO + HNO; (including ZPC) of the reactant complex, TS, and product
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Figure 1. Optimized structures of the (a) reactant and (b) product
complexes in the HCHOF NO; hydrogen-abstraction reaction, as

obtained at the MP2(FC) (BH&HLYP) level with the 6-311G(d,p) basis
set.

Mora-Diez and Boyd

3. Results and Discussions

The optimized geometries of the TSs of these reactions are
shown in Figure 2, where relevant geometrical parameters have
been indicated for the MP2 and BH&HLYP optimizations. The
overall shape of these molecular systems did not change
significantly at these two levels. The reaction profiles at the
CCSD(T)/BH&HLYP(MP2) level of calculation are shown in
Figure 3.

Cartesian coordinates of the stationary points optimized at
MP2 and BH&HLYP levels are given as Supporting Informa-
tion. The calculated total energies (PMP2, CCSD(T)//MP2,
BH&HLYP, and CCSD(T)//BH&HLYP), zero-point and ther-
mal (at 298.15 K) vibrational energy corrections (calculated at
MP2 and BH&HLYP levels) of the species involved in the
reaction of NQ with the aldehydes, and the BSSE calculated
for the TS for these reactions are given as Supporting Informa-
tion as well.

The symmetry of the TS calculated for the N@action with
HCHO and CHCHO is 2A’, (Cs point group), implying that
the unpaired electron is in the plane where the;Mtack takes
place.?A’ is also the symmetry of the XCO radical generated.
This corresponds to the TS structures obtained for the OH
reaction® However, for the FCHO and CICHO hydrogen-
abstraction reactions, the TSs possgssymmetry. The oxygen

complex, while for the direct mechanism the energies of the atoms of the N@ radical avoid spatial interaction with the

isolated reactants and products as well as the energy of the TSlectronic cloud of the halogen atom of these aldehydes, and
are the ones to be considered. The geometry of the reactanthe best way of achieving this, without creating new destabiliz-
and product complexes of the HCHONO; reaction are shown  ing interactions, is by breaking the plane of symmetry. For
in Figure 1, where some geometrical parameters have beerHCHO and CHCHO, the distances between the closest oxygen
indicated. atom (of the two not directly implied in the abstraction process)
The stabilization energy of the reactant complex (1)) and of the NG to the nearest H of the aldehyde are 2.605 and 2.931
the activation barrier of the second step of the complex A, respectively. Hydrogen bonding interactions stabilize these
mechanismE,) at 0 K, are given in Table 6. At the CCSD-  structures. For FCHO and CICHO, the distances from the
(T)/IMP2(FC) level the reactant complex was found to be 10.7 halogen atom to the closest O atom of N&de 3.172 and 3.611
kJ/mol lower in energy than the isolated reactants. At this level, A, respectively. The larger the halogen atom the greater this
but using a slightly larger basis set, 6-311G(d,p), the interatomic distance.
stabilization energy of the reactant complex for the HCHO The structure of the TS of the GEHO reaction reported in
OH reaction was calculated to be 13.6 kJ/mol. The new complex the work by D’Anna and co-worker32 calculated at the MP2/
is less stable, as expected. At the CCSD(T)//BH&HLYP level cc-pVDZ level of theory, agrees to within 0.01 A with our MP2
this energy was 6.7 kJ/mol. Since as shown before in Tables 5results.
and 6, CCSD(T)//MP2 and CCSD(T)/BH&HLYP energy dif- In the series of substituents, F, Cl, H, and £kthe TS
ferences are overestimated and underestimated, respectively, wbecomes more reactant-like (Figure 2). Thus, therCdistance
should expect a more realistic value of the reactant complex decreases in this order from 1.195 A (FCHO) to 1.160 4CH
stabilization energy between the values calculated at these twoCHO) at the MP2 level and from 1.240 to 1.132 A at the
levels (6.7 and 10.7 kJ/mol). The calculated reaction profiles BH&HLYP level; in a similar way the H-O distance gets
for the HCHO+ NOs reaction at different levels of theory are  enlarged. Furthermore, a larger activation energy has to be
shown in Figure S1 of the Supporting Information. overcome. This trend is consistent with the decreasing electron-
Rate constants calculated for the direct and complex mech-donating effect of these substituents that is also the cause of
anisms are reported in Table 9. At the CCSD(T)//MP2 level the decreasing reactivity of these aldehydes toward the NO
the difference is small. The percentage by which these two rate ydrogen-abstraction reaction. Similar results were discussed
constants differ, calculated by for the analogous OH reactiofts. - _
In the previously mentioned series of substituents (F, CI, H,

ket — ko CHsy), the imaginary frequency of the T8* decreases at both
(ﬁ—) x 100% levels of theory, and thus the curvature of the calculated barrier
Keit is reduced as well. The full width of the barrier at half its height

(Asyp) increases in the same order. In this series of aldehydes
is 18.8%. For the OH hydrogen-abstraction reaction from the the tunneling factor«) decreases in agreement with the fact
same series of aldehydes, this percent difference was calculatedhat activation energies and imaginary frequencies decrease. At
to be 71.3% for the FCHO reaction, the one with the highest the MP2 and BH&HLYP levels of theory barriers are predicted
activation energy and the least stable reactant complex. For theto reduce in height and curvature when going from FCHO to
other calculations on the NQeactions the difference between CH3;CHO. This was also the case for the OH hydrogen-
rate constants for the mechanisms considered is negligible.abstraction reactiorfs.

Hence, the assumption of an elementary mechanism for the NO  As observed in many other situations, barriers calculated using
hydrogen-abstraction reaction from these aldehydes is valid. BH&HLYP geometries are predicted to be smaller and wider
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X(0)C"H"ONO: MP2(FC)/6-311G(d,p) BH&HLYP/6-311G(d,p)
X d(CH) dHO) «CHO)|dCH dHO) ,(CHO)

F 1195 1.359 174.3 1240 1.287 174.9

cl 1178 1424 176.7 1200 1372 177.9

H 1.164  1.563 168.9 1.146 1617 165.3

CH; 1160 1.595 175.9 1132 1.735 179.3

000000

Figure 2. Structure of the transition states of the hydrogen-abstraction reactions studied and some relevant geometrical parameterst(a) FCHO
NOs, (b) CICHO + NOs, () HCHO + NOs, (d) CH;,CHO + NOs.

than barriers calculated with MP2 structures. Tunneling cor- these reactions spin contamination at the TS is small; the highest
rections for BH&HLYP geometries are significantly smaller than expectation value of s 0.806 for the FCHO reaction at the
the values calculated with MP2 structures, since barriers andMP2 level. Spin contamination is completely eliminated by
imaginary frequencies are smaller too. projection at MP2 and BH&HLYP levels, hence CCSD(T)
The predicted values of the activation energies and rate calculations could be considered reliable in this sense.
constants for the N@ hydrogen-abstraction reactions from Tunneling corrections for the HCHO and @EHO reactions
FCHO and CICHO, at 298K, calculated at the CCSD(T)// with NOs radicals with geometries calculated at the BH&HLYP
BH&HLYP(MP2) level are 60.2 kJ/mol and 10.30 L/mslfor level are almost negligible (1.06 and 1.02, respectively). Hence
FCHO, and 37.0 kJ/mol and 9.04 10° L/mol-s for CICHO. we should expect an Arrhenius behavior for these reactions at
Reaction enthalpies are calculated to b6.4 (FCHO) and temperatures aboVvE, the characteristic tunneling temperature
—47.1 kJ/mol (CICHO). These values, as well as activation below which tunneling is significani*is equal tohcy*/(27ks)
energies and reaction enthalpie®#& and tunneling corrections  and for the HCHO and C#CHO reactions is 55 and 32 K,
calculated at different levels of theory, are shown in Tables 10 respectively. Hence we should be able to calculate classical
and 11. The calculated partition functions and imaginary Arrhenius parameters for these reactions for temperatures above
frequency of the TS at MP2 and BH&HLYP levels are given T*by using the following well-known expression:
in Table 7.
To obtain the CCSD(T) energy differences reported in Tables ks T QTS
5, 6, and 10, vibrational corrections at the level at which the A= “h Areact
geometries were optimized, MP2 or BH&HLYP, are used. For Q
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Figure 3. Reaction profile for the XCHGt+ NOs; (X = F, Cl, H, CH;) hydrogen-abstraction reactions using the calculated CCSD(T)/6-311G-
(d,p)//BH&HLYP/6-311G(d,p) energy values, including the BH&HLYP/6-311G(d,p) zero-point energy corrections. Note: For the CCSD(T) calculation
on the NQ radical, the MP2(FCP3, geometry was the one employed.

TABLE 10: Activation Energy ( E,) and Reaction Enthalpy (AH), in kd/mol, at 0 and 298.15 K, for the NG;
Hydrogen-Abstraction Reaction from XCHO (X = F, CI) at Different Levels of Theory Using Basis Set 6-311G(d,p)

Ea(o K) Ea (298 K) AH (0K) AH (298 K)
FCHO + NOs
PMP2 147.8 149.6 15.9 16.8
CCSD(T)/IMP2(FC) 74.4 76.3 —28.2 -27.3
BH&HLYP 49.3 51.0 —-13.4 —13.3
CCSD(T)//BH&HLYP 47.6 49.2 —-17.5 —-17.4
BH&HLYP + BSSE(BH&H) 58.5 60.1
CCSD(T)//BH&HLYP + BSSE(BH&H) 56.7 58.4
CCSD(T)//BH&HLYP(MP2) 58.6 60.2 -6.5 -6.4
CICHO + NOg3
PMP2 131.5 133.7 —25.1 —23.9
CCSD(T)//MP2(FC) 52.5 54.7 —68.7 —67.5
BH&HLYP 28.1 30.0 —55.5 —54.8
CCSD(T)//BH&HLYP 24.2 26.0 —-58.8 —58.2
BH&HLYP + BSSE(BH&H) 37.3 39.1
CCSD(T)//BH&HLYP + BSSE(BH&H) 33.3 35.2
CCSD(T)//BH&HLYP* 35.2 37.0 —47.8 —47.1

TABLE 11: Rate Constants (kp in L/mol-s) and Tunneling Parameters kp) for the NO3 Hydrogen-Abstraction Reaction from
FCHO and CICHO, Calculated at Different Levels of Theory Using the 6-311G(d,p) Basis Set and Considering a Direct
Mechanism, at 298.15 K

FCHO+ NOs CICHO + NO3
level of calculation KD ko KD ko
PMP2 4.53x 107 1.23x 10°° 1.11x 108 2.80x 1078
CCSD(T)/IMP2(FC) 8.05¢ 10* 15.55 1.34x 10° 2.36x 10°
BH&HLYP 162.25 2.85x 107 11.19 1.25x 10°
CCSD(T)//BH&HLYP 152.76 5.49% 1(? 9.66 5.34x 1P
BH&HLYP + BSSE(BH&H) 273.18 11.92 14.76 41410
CCSD(T)//BH&HLYP + BSSE(BH&H) 260.34 23.42 13.19 1.8410
CCSD(T)//BH&HLYP(MP2) 244.78 10.30 13.95 9.6410°

For CH;CHO + NOs the preexponential factor (at 298 K, in For the FCHO and CICHO reactions tunneling is significant.
units of L/moks) is calculated to be 7.88 1%, in very good The calculated characteristic temperatui@s$ ére 454 and 344

agreement with the experimental value (84367 x 10°, see K, respectively. Calculations of Arrhenius parameters using the
Table 3). For the HCHO+ NO; reaction we predict the  above expression and ignoring tunneling quantum effects would
Arrhenius parameter to be 1.63 10°, basically twice theA be erroneous. If we include the value of in the above

value for the CHCHO reaction, as expected since in HCHO expression, the values éffor the FCHO and CICHO reactions
there are two equivalent sites of attack. The suggested3falue would be 1.90x 10'* and 1.32x 10, respectively. Although

of 1.20 x 1(° at 298 K, based on the experimental results for this is not the most appropriate way of estimating the quantum
the CHCHO + NOj reaction, is in agreement with our Arrhenius parameter, these values could be used as a reference
calculation. when better determinations are made.
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(4) The NIST Chemical Kinetics Database, NIST Standard Reference
Database, U.S. Department of Commerce, Technology Administration,

The NG hydrogen-abstraction reaction from a series of National Institute of Standards and Technology: Gaithersburg, MB, 17
aldehydes (X.C.H.O: x= F’.CI’ H, CHS) ha.s been studied by (5) (a) Alvarez-ldaboy, J. R.; Mora-Diez, N.; Boyd, R. J.; Vivier-Bunge,
means of ab initio calculations. Optimizations at the MP2 and A 3°Am. Chem. S02001, 123 2018. (b) Mora-Diez, N.; Alvarez-ldaboy;,

Conclusions

BH&HLYP levels followed by CCSD(T) single point calcula-

tions were performed using the 6-311G(d,p) basis set. Neither

CCSD(T)//MP2 nor CCSD(T)//IBH&HLYP calculations were

J. R.; Boyd, R. JJ. Phys. Chem. 2001, 105 9034.

(6) (a) Wallington, T. J.; Hurley, M. D.; Ball, J. C.; Kaiser, E. W.
Environ. Sci. Technol1992 26, 1318. (b) Hasson, A. S.; Moore, C. M,;
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considered to improve upon the CCSD(T)//BH&HLYP results,
which were the closest to experiment. The use of the \BgR2-
geometry of the N@radical (for which a lot of controversial

results regarding its ground state symmetry have been published&-
in the CCSD(T) calculation allowed us to reproduce the only

six parameters for which experimental results exist:
constants and reaction enthalpies for the;CHO and HCHO

reactions, and activation energy and Arrhenius preexponentialPhy

factors for the CHCHO reaction with NQ@ radicals. At this

level of theory the unknown values of rate constants, activation
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