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The mechanism of the reaction of BF® CH,O has been examined using density functional and quadratic
configuration interaction molecular orbital methods. The most favorable pathway is found to be the abstraction
of hydrogen from CHO by BrO radicals. The activation energy barrier for the process is estimated #s 2.9

3 kcal mol. Results from discharge flow/mass spectroscopy experiments support the finding that the major
products of the reaction are HOBr and HCO radicals. The rate of thetB8BI,O reaction has been estimated

by using transition state theory.

I. Introduction are currently no experimental measurements for the BrO
CH0 reaction in the literature. To evaluate whether the BrO
+ CH,0 reaction acts as an important removal mechanism for
formaldehyde and an interconversion mechanism for reactive
bromine that forms in the Arctic region, we have used ab initio
@olecular orbital methods to examine details of the reaction.

Bromine compounds from natural and anthropogenic sources
play an important role in the chemical processes of the
atmosphere. In particular, they are responsible for significant
ozone depletioA=* Once these compounds are formed, pho-
tolysis and subsequent atmospheric oxidation processes releas
bromine atoms into the atmosphere. In the Arctic, release of Il. Computational Methods
molecular bromine results from heterogeneous reactions on sea- - P
salt aerosols. The subsequent photolysis of molecular bromine  Ab initio molecular orbital calculations were performed with
produces bromine atoms which react with ozone. The reactionthe GAUSSIAN 94 series of prograrh§eometry optimizations
of bromine atoms and ozone is not only efficient in ozone and frequency calculations were carried out using the B3LYP
depletion, but it also converts bromine atoms into BrO radicals. and QCISD methods. The B3LYP method was used along with
During daylight, nearly half of the inorganic bromine in the the 6-31G(d,p) basis set to initially search for the minimum
atmosphere is present in the reactive form of BrO radicals.  and transition state structures. For all of the species involved

in the reaction of BrO with CkD, geometries were optimized
Br+0O;—~BrO+0, @) using Schlegel’s meth8do better than 0.001 A for bond lengths
and 0.02 for bond angles, with a self-consistent field conver-

Few mechanisms have been proposed for converting the BrOgence of at least 160 on the elements of the density matrix.

radicals to active bromine atoms. One possible reaction involves . . _ . .
P The residual rms force is less than*0atomic units. The

the reaction of BrO+ CH,O. transition state, which was initially located at the B3LYP/6-

BrO + CH,0 — HOBr + HCO 2) 31G(d,p) level of theory, was confirmed by a harmonic

frequency calculation and shown to exhibit one imaginary

Recent studies in the Arctic have shown a correlation betweenharmonic frequency. An intrinsic reaction coordinate (IRC)
formaldehyde (CHO) concentrations and ozoR€urrent gas- calculation was performed to check whether the transition state
phase models of the chemistry in the Arctic are unable to that was located went to the current reactants or products. On
account for formaldehyde concentrations in ambient measure-the basis of the force constants and optimized geometry obtained

ments26.7 Given that in the Arctic marine boundary layer most  at the B3LYP/6-31G(d,p) level of theory, all of the species were

of the reactive bromine is present in the form of BrO, it is reoptimized at the QCISD/6-311G(d,p) level of theory. To
possible that a formaldehyde molecule is removed by reaction improve the energetics, the single-point calculations were also

with BrO radicals. performed for all of the species at the QCISD(T) level of theory

In addition to removing formaldehyde, the Br® CH,O with the 6-311G(2d,2p) and 6-331G(2df,2p) basis sets.

reaction generates HOBr, whose photolysis regenerates bromine
atoms. [ll. Results and Discussion

HOBr + hy — OH + Br ©) A. Products of the BrO + CH,O Reaction. A discharge
flow—mass spectroscopy (DF/MS) experiment was performed
The BrO+ CH,O reaction acts as a sink for the interconversion to determine the products of the B® CH,O reaction. The
of reactive forms of bromine. This process could have major BrO radicals in this experiment were produced by the reaction
implications in understanding ozone destruction cycles in the of O atoms with Bs. The O atoms were produced by a
Arctic by homogeneous gas-phase processes. However, therenicrowave discharge of DWhen BrO radicals were allowed
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Figure 1. Mass spectrum of the Bré& CHO reaction. (a) CHO radical
appearance. (b) HOBr appearance.

to react with CHO, the products observed from the reaction
were HOBr and HCO. This is illustrated in the mass spectrum
shown in Figure 1. Both HOBmf/e = 96 and 98) and HCO

Hansen et al.

HOBr in the transition state complex is 1.287 A, which is 0.319
A longer than the OH bond distance of 0.968 A in HOBr. The
QCISD/6-31G(d,p) frequency calculation (see Table 2) indicates
that the transition state is a first-order saddle point with an
imaginary frequency predicted to be at 1971i émThe
vibrational analysis of this frequency shows that the motion
consists mainly of the OHand CH stretches. This is consistent
with the CH bond elongation and OHbond formation of the
transition state illustrated in Figure 2.

To evaluate the energetics of the BHOCH,O reaction, we
examined the HG- CH,O reaction for which there is a wealth
of experimental data to compare in order to evaluate the
reliability of the ab initio results. The transition state for the
HO + CH,0 reaction was found at the QCISD/6-31G(d,p) level
of theory, and a frequency calculation verified that it had one
imaginary frequency. The geometry of the transition state was
used to calculate single-point energies with the QCISD(T)
method incorporating the 6-311G(2d,2p) and 6-8315(2df,2p)
basis sets. The total and relative energetics of thetHCH,O
system are given in Table 4. If we use the experimental heats
of formation values &0 K for HO (9.17+ 0.29 kcal mot?),
CHzO (—26.782+ 1.5 kcal mot?), H,O (—57.1+ 0.0 kcal
mol~1), and HCO (10.3t 2.5 kcal mot™), the heat of reaction
for the HO+ CH,O — H,O + HCO is found to be-29.2 +
1.7 kcal mot™. A comparison of the heat of reaction 6£29.7
kcal mol! calculated at the QCISD(T)/6-3%H-G(2df,2p)//
QCISD/6-31G(d,p) level of theory with that from experiments
shows that the calculations overestimate the heat of reaction
by 0.5 kcal mot?. This suggests that the high-level calculations
properly predict the heat of reaction for the H® CH,O
reaction.

To evaluate the validity of the activation energy for the BrO
+ CH,0 reaction, we examined the H® CH,O reactior’
which is a similar H-abstraction reaction. The reaction between
HO and CHO was chosen because of the large number of
independent measurements which had been taken to arrive at
the Jet Propulsion Lab (JPL) compiled valighere have been
several studies of the activation energy barrier for the HO

(m/e = 29) were produced on the same time scale. The observedCH2O abstraction reaction. Table 4 shows the comparison of

reaction products from the Br& CH,O reaction suggest that

theoretical and experimental results for the activation energy

the major channel involves hydrogen abstraction by the BrO of the HO+ CH,O reaction. The JPL compilatiéhevaluation

radicals.
B. The BrO + CH,0 Hydrogen Abstraction Reaction.The

of all the experimental studies suggests that there is no energy
barrier for the HO+ CH,O. The reportedE/R value is 0+

transition state structure was located along the reaction coor-200. We find that there is essentially no barrier within the

dinate of the BrO radical approaching the hydrogen o,QH

uncertainty of these calculations. The calculations underestimate

During the process of searching for the transition state, we foundthe barrier by 0.400 kcal mot for the HO+ CH,O reaction,

that when the BrO radical approaches the hydrogen ofGCH

which falls, nevertheless, within the uncertainty range of the

at long-range distances, the oxygen of BrO interacts with the experiments. The calibration calculations suggest that the

hydrogen to form a complex possessing an' @ktance of
2.571 A. The geometry of the complex is provided in Table 1.

energetics for the Br& CH,O reaction should be reasonably
predicted at the QCISD(T)/6-3%1G(2df,2p)//QCISD/6-

It is seen that the BrO bond length and the CH bond length of 31G(d,p) level of theory.

CH,0 is not significantly affected as a result of the interaction.
The CH bond in complex is shortened by 0.003 A. Vibrational

The relative energetics for the Br& CH,O reaction is
presented in Table 5. The structural changes seen in the

frequency calculations at the QCISD/6-31G(d,p) level (see Table transition state suggest that the transition state is early or

2) reveal that the complex is at a minimum with all positive

reactant-like. Such a transition state, as suggested by the

frequencies. From the total energies given in Table 3, we find Hammond postulat¥, is indicative of an exothermic reaction.

that the complex is weakly bound. At the QCISD(T)/6-
311++G(2df,2p)//QCISD/6-31G(d,p) level of theory, with the
incorporation of zero point energy calculations, the complex is
bound by 1.3 kcal mot.

When the BrO is brought further into contact with the
hydrogen of the CkD, the CH bond starts to elongate. At the
transition state, the CHoond is 1.247 A. This is only 13%
longer than the CH bond in GI®. The forming OHM bond in

The heat of reaction for the Br@ CH,O reaction yielding
HOBr + HCO is calculated to be exothermic at all levels of
theory. These results are consistent with the structural impli-
cations from the transition state. At the QCISD(T)/6-
311++G(2df,2p)//QCISD/6-31G(d,p) level of theory, the heat
of reaction is estimated to be exothermic-b%0.3 kcal mot.
This is about 2.3 kcal mol lower than that obtained from
experiments. However, there & 2 kcal mot? uncertainty in
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TABLE 1: Geometries? for Species Involved in the BrO+ CH,0O Reaction

species coordinate QCISD/6-31G(d,p) species coordinate QCISD/6-31G(d,p)
BrO BrO 1.781 HOBr BrO 1.869
HO 0.968
HCO CH 1.118 HOBr 102.0
CcO 1.192
HCO 124.5 CHO CH 1.101
(6{0] 1.216
HCO 122.3
[BrO + CHxOJempx Bro 1.781 [BrO+ CH,OJ* BrO 1.835
OH' 2.571 OH 1.287
CH 1.098 CH 1.247
CcoO 1.218 CcoO 1.200
CH 1.101 CH 1.105
BrOH' 83.7 BrOH 102.8
OH'C 154.1 OHC 168.7
H'CO 122.1 HCO 119.7
HCO 116.0 HCO 124.2
BrOHC 0.0 BrOHC 0.2
OHCO 0.0 OHCO -0.2

aBond lengths are given in A and bond angles are in degrees.

TABLE 2: Harmonic Vibrational Frequencies? for Species
Involved in the BrO + CH,O Reaction

species frequencies (cr ZPE
BrO 677 1.0
HOBr 3845, 1213, 616 8.1
HCO 2770, 1890, 1167 8.3
CHO 3075, 3006, 1826, 1587, 1299, 1214 17.2

[BrO + CHOlempx 3107, 3017, 1816, 1590, 1308, 1233, 19.0
681, 184, 155, 81, 56, 50

[BrO + CH.OJ 2993, 1882, 1564, 1238, 1119, 701, 58615.5
331, 296, 94, 89, 1971i

aHarmonic frequencies are calculated at the QCISD/6-31G(d,p) level
of theory.

TABLE 3: Total Energies (hartrees) for Species Involved in Figure 2. Transition state structure for the reaction of B#OCH,O
the BrO + CH,0O Reaction —HOBr + HCO
QCISD QCISD(T}
) TABLE 4: Total (hartrees) and Relative Energetics (kcal
species 6-31G(dp) 6-311G(2d,2p) 6-314G(2df,2p) mol-1) for Species Involved in the HO+ CH,O Reaction

BrO —2644.93241 —2647.49337  —2647.55691 _ - ,
HOBr —2645.58676 —2648.15486 —2648.21894 Total Energies for Species in the HOCH,O Reaction
HCO —113.55348 —113.64194 —113.67904 QCISD QCISD(T)
CH,0 —114.19890 —114.28827 —114.32752 .
[BrO + CH:Olempx —2759.13682 —2761.78554  —2761.88776 species 6-31G(dp) 6-311G(2d,2p) 6-3HEG(2df,2p)
[BrO + CH,Of  —2759.11644 —2761.77322  —2761.87537 HO —75.54689  —75.60822 —75.63361

2 Single-point energies calculated with the QCISD/6-31G(d,p) FI—|28+ CHOTF _—1;2%332 _—lggggggz _Egggégig
geometry. ' ' '
the BrO heat of formation value used from JANAFUsing Relative Energetics for the H® CH,0 Reaction
Eo(G2) values from the literatut&!>for all four reactants and HO + CH,0— HO+ CHO—
products for the BrG+ CH,O reaction, the G2 heat of reaction level of theory H0 + HCO  [HO + CH,OJf
is calculated to be-10.6 kcal mot®. We find that the heats of  QCISD/6-31G(d,p) -22.9 4.0
reaction calculated at the QCISD(T)/6-31:£G(2df,2p)//QCISD/ QCISD(T)/6-311G(2d,2p) —27.9 0.2
6-31G(d,p) level of theory, and with the G2 method, are in QCISD(T)/6-311+G(2df,2p) __28-2 _%-g
excellent agreement. The calculated barrier height for the QCISD(T)/6-311+G(2df, 2p)- AZPE 997 0443
hydrogen abstraction reaction of BFO CHO is estimated to gy ' 209417 0+ 0.4

be 2.9 kcal mott. After correcting for tunneling-€1.1 kcal

mo!—l, Wigner correcpoﬁﬁ based on 1971i cm), a best transition state theory is that the rate of transformation of the
estimate of the activation barrier of 1.8 kcal mbis obtained. reactants to products is given solely by the passage, in the
The relative energetics for the Br& CH,O reaction at the  {5yarq direction, of reactants through the transition state and
_QC_:IIISD(T)/G(fl]:"—:-_i—G(de,2p)//QCISD/6-31G(d,p) level of theory  hen onto products. Calculation of the partition functions for

Is illustrated in Figure 3. the transition state and reactants coupled with the activation

Re(;ctlz'szrr\}\?'?r? rt]h(()efég?chgi dCt())grSrF:Pt foﬁgf.;g ;reCHezgc'e energy then yields a thermal rate constant. This is given by the
lon. Wi u Iers, vibrat requencies, following equation:

and rotational constants for the HOCH,O and BrO+ CH,O

reactions, we estimated the rate constants for both reactions I .
using transition state theory (TST). The basic postulate of k(T) = (ks T/N)*(Q")/(QaQp)*exp(—E/ksT) (4)
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TABLE 5: Relative Energetics for the BrO + CH,O Reaction

relative energetics (kcal mdi

BrO + CH,O — BrO + CH,O — BrO + CH,O —
level of theory HOBr + HCO [BrO + CH2Olcmpx [BrO + CHOJ*
QCISD/6-31G(d,p) -5.6 -35 9.3
QCISD(T)/6-311G(2d,2p) -9.5 —2.4 5.3
QCISD(T)/6-311+G(2df,2p) -85 -2.1 5.6
AZPE —-1.8 0.8 —2.7
QCISD(T)/6-311-+G(2df,2p)+ AZPE -10.3 -1.3 2.9
exptl —4.05+1.9

B0 + CH,O]F from the HO+ CH.0O reaction, the estimated preexponential
A-factor for the BrO+ CH,O reaction is 6.3x 10713 cm®
molecule! s71 at 298 K. This result for the BrO+ CH,O
reaction is not unreasonable. The estimated kinetic rate constant
for the BrO+ CH,O reaction is 1.5< 10714 cm® molecule™!

s 1at 298 K. This value represents an average of rates over the
range of activation energy barrier for the BAFOCH,O reaction.

The results suggest that the BHOCH,O reaction is slow.

B0 + CHy0

[BrO +CHz0)cmox

Figure 3. Relative energetics for the Br& CH,O reaction at the IV. Summary

QCISD(T)/6-311+G(2df,2p)//QCISD/6-31G(d,p) level of theory. o _ ) )
Ab initio molecular orbital calculations were performed in

TABLE 6: Comparison of Experimentally Determined order to study the BrO+ CH,O reaction. The calculations
A-Factor for OH + CH;0 suggest that the reaction proceeds by hydrogen extraction from
experimentally determined A-facfor reference CH20. Experimental results performed using discharge flow/
1.25% 10-11 b mass spectroscopy verify the calculated results, showing the
6.00x 10711 c products of the reaction to be HOBr and HCO. At the highest
1.66x 10°1¢ d level of theory [QCISD(T)/6-31%+G(2df,2p)], the activation
1-(2)g>< igﬁ ? energy was calculated to be 2.9 kcal mghwithout tunneling
. X

corrections. When corrected for tunneling, the activation energy
a A-factors are in units of cAmolecule® sect.  Atkinson, R.; Pitts, barrier was estimated to be 1.8 kcal mblThe rate constant
J. N.J. Chem. Physl978 68, 3581.¢ Smith, R. H.Int. J. Chem. Kinet. for the BrO + CH,O reaction was estimated using transition

1978 10, 519.9 Zabarnick, S.; Fleming, J. W.; Lin, M. @at. J. Chem. state theory and was calculated to be 5 10714 cmB
Kinet. 1987 20, 117.¢ DeMore, W. B.; Sander, S. P.; Golden, D. M,; molecules! st

Hampson, R. F.; Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R.;
Kolb, C. E.; Molina, M. J. JPL Publication 94-26Stief, L. J.; Nava,
D. F.; Payne, W. A.; Michael, J. 0. Chem. Phys198Q 73, 5. References and Notes

Q* is the partition function for the transition state, @nd = @) BarrieF,{ L}-ANA-i Botltggge?i’& J1'3\z,3V'; Schrell, R. C.; Crutzen, P. J.;
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