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Ab Initio Study of the Reaction of NO3 with the OH Radical
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The geometries of transition states and adducts have been optimized in MP2/6-G¥1 calculations on

both the singlet and triplet potential energy surfaces for the reaction fliD OH. Single point calculations

have been made at the G2MP2 level. Reaction is shown to be most likely to occur on the singlet surface via
an adduct whose structure is very similar to that of pernitric acid;N{D. The formation of the adduct is
exothermic, and the calculated enthalpy of activatior-&kJ mol%. This adduct can dissociate to H&®

NO; directly or via rotational isomers. Reaction on the triplet surface is unlikely to be important because the
formation of a triplet adduct has a large enthalpy of activation.

1. Introduction included reaction 1 in the mechanism they proposed so that the
observed stationary concentration of NEuld be described
properly. An estimate for the rate coefficient, assuming pseudo-
first-order kinetics, wask = (7.3 £ 5.0) x 10711 cm?
molecules?® s™! at 298 K. A later study by Boodaghians ef’al.
used the discharge-flow technique and gave a rate constant of
k = (2.0 &£ 0.6) x 10711 cm® molecules?! s™1. This value
confirmed the high reactivity of Ngxoward OH. At about the
same time Mellouki et d.used a similar flow method, but the
radicals were detected by EPR. The kinetic results obtained
agreed fully with the value of the rate constant reported by
Boodaghians et dlHall et al! considered indirectly reaction 1

as an additional reaction leading to the loss ofsNéDen various
hydrogen containing species are present in the; NOHO,
system.

There are several possible product channels for the reaction
of NO3; with OH, and it is important to assess their relative
contributions. Clearly definite mechanistic information is not
available from the experimental studies. In these studies the
mechanism of the reaction between Nfdid OH was considered

The hydroxyl radical (OH) dominates the daytime oxidation
chemistry in the troposphere, controlling the atmospheric
lifetimes of the majority of trace species that are emitted
naturally or via man’s activity. Its concentration defines the
oxidizing capacity of the atmosphere. The OH radical is
producedmainly by the photolysis of ozone to form GL)
which then reacts with 0. This highly reactive radical has
the ability to control the HQ cycle and other species that
contribute to acid rain or photochemical smog. It has been
assumed for many years that there is no source for the OH at
night.

Hall et al* and Mellouki et af have studied the reaction of
the NG; radical with HQ, which could occur during the
nighttime when the N@radical has a stationary concentration.
They showed that the channel which yields GHNO, + O,
is fast enough to ensure the conversion of ,H® the more
reactive OH radical. We have reported previously a theoretical
ab initio study of this reaction and suggested a mechanism for

the formation of the OH radical via oxygen-bonded intermedi- o be an oxygen-atom transfer from NGhe formation of H@

ates formed with no activation energy for reaction on the singlet could resuI}[/%rom a direct pathwav or throuah an intermediate

potential energy surface. Another potential source of OH in the . pathway 9 o -
complex with a structure similar to that of the pernitric acid

nighttime troposphere is considered to be the reaction betweenrnoIeCuIe (reaction 2). The decomposition of the 4O
CH30, and NG # as one step in a reaction sequence which could i . posit 2
molecule could then yield reactive free radicals or stable species.

yield a significant amount of OH. Platt et ikstimated the Possible channels are presented as follows along with reaction
actual concentration of OH radicals to be about tlecules . P 9 .
enthalpies (at 298 K) calculated from thermodynamic data

cm~3 and concluded that the rate of OH production could be . . . .
only 1 order of magnitude less by night thF:in it is by day. The available in the JANAF tablesThe enthalpies of reactions 3

role of the NQ radical in the nighttime atmosphere is

1
comparable to that of OH and NO during the day, and its AHzsd (kI mol™)

importance in the initiation of oxidation chain reactions has been NO3z + OH — HONO; —166.1 (2)

o ey TR @
B B N . 3 - 7 g - .

There have been few kinetic studies of the reaction NOs + OH — HONO; + O(D) 1923 (5)

NO; + OH— HONO, + OCP) +2.5 (6)

NO,+ OH—HO,+ NO,  AH,os=—64kImol* (1)
and 5 have been obtained by adding the excitation energies for

The first kinetic investigation was reported by Burrows et al. the (*fAg) — Oz (°%y7) and O {D) — O (*P) transitions,

in the modulated photolysis of HNGat 4 = 254 nm. They  respectively, to the enthalpies for reactions 4 and 6. There is
no experimental evidence for a complex mechanism since no

*To whom correspondence should be addressed. Fex44-2476- studies of the temperature or pressure dependence have been
524112. E-mail: D.M.Hirst@warwick.ac.uk. made so far.
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TABLE 1: Calculated Relative Energies of Stationary Points, Reactants, and Products Obtained in G2MP2* Calculatiofgor
the NO3; + OH Reaction

MP2 QCISD(T) MP2 G2MP2*, rel thermal G2MP2*,
species  6-311G** 6-311G**  6-311+G(3df,2p) 0K ZPE  energies corr 298 K H, 298 K
NO; —279.657 341 —279.670 040 —279.831429 —279.882838 0.016 480 0.019 868-279.879 450 —279.878 506
OH —75.572896 —75.589262 —75.617541 —75.641291 0.007 806 0.010 208—75.638 889 —75.637 945
NO,(?A1) —204.657 019 —204.675387 —204.781507 —204.830637 0.009 428 0.012 406-204.827 665 —204.826 721
HO,(?A") —150.585 611 —150.614 966 —150.677 045 —150.723589 0.013 001 0.016 012150.720 578 —150.719 634
Singlet Surface
1 —355.288 157 —355.323 961 —355.513 071 —355.597 865 0.026 010—-193.6 0.031 371 —355.592 504 —355.591 560
2 —355.288 157 —355.323 961 —355.513 071 —355.597 865 0.026 010—-193.6 0.031 371 —355.592 504 —355.591 560
3 —355.288 161 —355.323 961 —355.513 071 —355.597 865 0.026 010—-193.6 0.031 371 —355.592 504 —355.591 560
TS1 —355.195 556 —355.245 114 —355.423 314 —355.526290 0.021582 —5.7 0.027 506 —355.520 366 —355.519 422
TS2 —355.282 697 —355.320 202 —355.508 776 —355.595612 0.025669 —187.7 0.030 348 —355.590 933 —355.589 989
TS3 —355.274 454 —355.311 748 —355.498 930 —355.585605 0.025619—-161.4 0.030 321 —355.580 903 —355.579 959
TS4 —355.258 689 —355.284 542 —355.481794 —355.559 261 0.023386 —92.3 0.029 407 —355.553 240 —355.552 296
Triplet Surface
4 —355.140 491 —355.210 349 —355.361278 —355.478 075 0.023 461 120.9 0.028 836355.472 706 —355.471 762
TS6 —355.106 359 —355.202 692 —355.323842 —355.468 934 0.021 641 144.9 0.026 931355.463 644 —355.462 700
TS7 —355.123 071 —355.203 556 —355.344 326 —355.471555 0.023 656 138.0 0.028 923355.466 288 —355.465 345

aTotal energies are given in hartreéZero-point energy corrections() calculated at the MP2/6-3#1G** level and scaled by 0.8929.
¢ Relative energies to reactants @K in kilojoules per moled Thermal corrections scaled by 0.919Fempiic"®! = —0.07%; Eampiric" Pt =
—0.0704%&:,.

In this paper we present the results of a theoretical study of

@ 1.401

the reaction of OH with N@in which we locate transition states 1ous %‘mﬁ’iﬁ “'0*192
for the formation of adducts on the singlet and triplet potential “.o@m/ He A L
energy surfaces. On the basis of our calculations we conclude 1350 Nyiso 0/1 % s 1\398
that a hydrogen abstraction mechanism does not occur on either 4 *** ? ls,gé-; He
of the potential energy surfaces. d6542=-91.0 " desa2=913
d 5423 =10.1 d 5423 =-10.3
. . (1) d4231=1790 2 d 4231=-179.0
2. Computational Details
The ab initio calculations have made with the Gaussian94
progranf on a HP 9000/735 workstation and a DEC 8000 o %80
Superscalar computer at the Rutherford-Appleton Laboratory. “0 | 10 s
Optimizations and frequency calculations for the JNOH ,3>N"’ ross| 130
potential energy surface were performed at the UMP2(Fc)/6- mo/”;g“ 1548 0
311G** and at the UMP2(Fc)/6-3H1+G** levels. It has been 465422 98.6
shown that it is important to use large basis sets to obtain d5423=9.0
accurate energies for nitrogen-containing compoufda. @) dazs1=-1790
slightly modified version of the G2MP2 meth8dvas used to 9025 - “’,%wso .
obtain estimates of energies at a higher level of theory. We vo_ . 2;;29 ° moyse '"2-309;5
designate this modification as G2MP2* in which geometry ‘2 129" " 125N1ss  He
optimizations and zero-point energies were obtained in MP2- /% 120" g2
(Fc)/6-31H-+G** calculations. The method requires single- ®0
point QCISD(T)/6-311G** and MP2(Fc)/6-31#1G(3df,2p) cal-
culations at the equilibrium geometries for all species involved. TS1 TS2
The QCISD(T) procedure of Pople et l&limplemented in wo P AN
Gaussian94 includes single, double, and triple excitations to 154277038\ 419 1109 ﬁ 1030 O
correct the QCI energy. 1108 _NTr29 1005 QP 0077 o
Frequency calculations using analytic second derivatives were “O7ss7\, o7 0958 cl);)'”
carried out for all reactants, products, and transition states. These o
calculations give the zero-point energies, thermal corrections R Goaer’
TS3 d 4231 =178.6 TS4 d 4231 =183.0

at 298 K and the normal mode of the imaginary frequency

associated with transition states. Normal mode assignments wererigure 1. Stationary points located on the singlet potential energy
made by animation of the modes using the Moplot 3.20 surface (bond lengths in angstroms; bond angles (italic) in degrees) at

program!® We also performed intrinsic reaction coordinate the MP2(Fc)/6-313++G** level.

(IRC) calculations to confirm the connections between various |y ated on the singlet and triplet surfaces are shown in Figures

1 and 2, respectively, and the overall profile of the potential

. ’ ; . energy surface is presented in Figure 3. The geometries shown
0.78 for all doublet species and 2.03 for triplets involved in the ;. Figures 1 and 2 are those obtained in the UMP2(Fc)/6-
reaction, and spin contamination would appear to be unimpor- 31 14+4+G**

minima. Spin projection was not used in these calculations
because the expectation values of Beperator were less than

tant.

3. Results and Discussion

calculations. The inclusion of diffuse functions in
the basis set was found to have very little effect on the optimized
geometries. The largest difference was found for transition state
TS1 for which the O(4)-0O(5) distance shortened by 0.025 A

The energies obtained in these calculations are reported inon addition of diffuse functions. For addudts3 the N—-O(4)
Table 1. The optimized geometries for all the stationary points bond length increased by 0.012.016 A.
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o than the reactants NOF OH. The experimental spectroscopic
(e O, p p
TN data and assignment of frequencies for gas-phasgN@gare
Omli2Sa /148 '"'»3__.0‘3 incomplete. The first experimental study of Niki ef-ateported
12 s ,.i],f‘% gas-phase kinetics and Fourier transform IR spectroscopy of
) pernitric acid. They concluded from the IR spectrum thatHO
Z%;g‘f NO, was not a simple complex but a molecule with a planar or
@) das1=1248 near planar structure due to internal H-bond formation. Suenram
1280 Ho et al® have reported a vibrational wavenumber of 145 &ém
o =0, ! 0Q @ . : '
Nz mwgm; o P . 0\1‘373 for torsion about the ©NO; bond. Further vibrational modes
1-2553;1’0\ O s //Mmm have been assigned in the study of aqueous;N@ by
o) O‘f" POTgirs H 097t Appelman and Gosztold.An ab initio study by Saxon and L8
indicated that the ground-state equilibrium geometry of,HO
g%:gﬁ; Z;‘i‘;:gg NO has no symmetry and the plane of the H@oup lies

T6  d4231=-1610 TS?  d431=128 perpendicular to that of the NOmoiety. A more detailed
Figure 2. Stationary points located on the triplet potential energy theoretical study of Chen and Hamiltdrpresented a compari-
surface (bond lengths in angstroms; bond angles (italic) in degrees) atson of the experimental and theoretical values for the NMR
MP2(Fc)/6-311+G** level. and electronic spectra, bond energies, and harmonic vibrational

i . frequencies of pernitric acid.
3.1. Singlet Potential Energy SurfaceThe G2MP2* results

indicate that reaction 1 is exothermic by 78.5 kJ molhich Frequencies and IR intensities calculated in the present work
is only in fair agreement with the experimental value of 64.0 are given in T"?‘b'e 2 along V\('th the observed values, values
kJ molL. A search for a hydrogen-bonded OHONG; adduct used by Baldwin and Goldéhin an RRKM treatment of the

: . : : dissociation of HGNO,, and those obtained by Saxon and*iu
rf . .
\évr?j psigﬁ:{;: egi;/:gneséarlﬂg)g aeo?lvrzsg:esnzorgizegggInn_%ct)?] g (Iaa:jnar and by Chen and Hamilto¥t.Our results from MP2 calculations

adduct was found at the level considered, and thg &@ OH are in good ag_reement with th? availabl_e gas-phase data and
moieties separated in the course of the optimization. We Iocatedsflmportt:he estimated freque?mes used |n.the RRKM calcula-
three minima which are in fact rotational isomers of ar@- tions. The MP2/6-31++G(2df,2p) calculation of Chen and

bonded intermediate. Adduttis more stable than the reactants 1amilton and our calculation seem to overestimate the higher
by 138.5 kJ mot? at the MP2/6-31%++G** level and by 193.6 frequencies. However, Chen and Hamilton do not state whether
kJ mol® at the G2MP2* level if zero-point energy is taken @& scaling factor has been used. Our unscaled frequencies are in

into account. The structure of adducis shown in Figure 1 good agreement with their results. The most intense transitions
and the geometric parameters indicate a structure similar to thatc0rrespond to normal modes associated with the motion of the
of pernitric acid. Our optimized geometry for adducis in atoms O(3) and O(4) which form a new bond.

good agreement with that obtained by Chen and Hamilton in A transition statel S1, in Cs symmetry, for the formation of
MP2/6-311+G(2df,2p) calculation$? At 298 K the formation ~ the adduct was located. At the MP2/6-31+G** level the

of the adduct is exothermic by 197.2 kJ mbat the G2MP2* negative eigenvalue of the Hessian matrix corresponds to an
level, and the calculated activation enthalpyH*, is —7.8 kJ imaginary frequency of 49&m™. An IRC calculation showed
mol~%. This small negative enthalpy of activation is not thatthe reaction pathway in the backward and forward directions
considered to be significant because on the basis of theled to reactants and addutt respectively. With analysis of
calculated electronic energies the transition st&lies higher the normal mode associated with the imaginary frequency, it is

150 TS 6

100 )

0! TS
NO3 + OH

-50

NQ2 + HO2

-100 |

Relative enthalpy / kJ mol-1

-150 *

200 J{ ™ @) 3

-250 .

reaction co-ordinate

Figure 3. Overall profile of the potential energy surface for the ;\® OH reaction obtained in G2MP2* calculations (dotted line connects
stationary points for the triplet state).
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TABLE 2: Vibrational Frequencies (cm~1) and Assignments for the HQNO, Intermediate on the Singlet and Triplet Surfaces

MP2 6-31H+G** ©

MP2 6-31H+G** ©

SCF MP2
6-31G** 2 6-31H-+G(2df,2pdy singlet rel intens triplet rel intens obsd estd modé

4100 3804 3791 52 3791 51 3540 OH str

1960 1942 1951 254 1425 63 1728 NO, asym str

1615 1445 1410 54 1252 74 1397 OOH bend

1576 1326 1324 200 995 32 1304 NO, sym str

1215 994 973 46 918 52 945 880 O-Ostr

1046 795 786 143 656 162 803 NO; sciss
896 753 721 6 618 3 722 735 NG umbrella
821 669 645 37 589 28 654 633 NO(3)O(4) bend
652 457 410 89 501 4 483 500 NO(3) str
436 378 356 61 378 122 340 400 HOO bend
302 320 302 19 297 10 200 HOO tor
145 152 119 15 112 7 145 125 O-NO; tor

aSee ref 18P See ref 14¢ Unscaled frequencies calculated in this wotsee ref 15¢ Aqueous HGNO,, see ref 17f See ref 169 See ref 20.

h Assignment done with Moplot program.

clear that the largest displacements are for O(3) ing @d

The bond energies of theNDO(3) and O(3)-O(4) bonds have

O(4) in the OH radical, which move together to form the new been computed to predict the stability of gas-phaseN{D).

O—0 bond.

Stationary point? and 3 are rotational isomers df, about
the GQNO—OH and QN—OOH bonds, respectively. Intercon-
version of1 and 2 occurs by internal rotation via the planar
transition structureTS2, with a calculated barrier of 4.1 kJ
mol~1. The barrier of 30.5 kJ mol above the energy o2
suggests that the conversion3owia the nonplanar transition
stateTS3 will be relatively slow. Pathways for the decomposi-
tion of adductsl and 3 to the radicals H®+ NO, have also
been investigated. Starting witha relaxed scan of the potential
energy surface was performed as theN©O,H bond was

The calculation of the HOONO, and GQN—OOH bond
dissociation energies at the G2MP2* level, at 298 K, gives
values of 194.7 and 116.2 kJ mglrespectively, which compare
reasonably well with the tabulated experimefitalalues of
163.2 and 96.2 kJ mot. The values presented suggest that the
unimolecular decay of pernitric acid is most likely to occur by
scission of the N-O(3) bond. Our results agree well with those
reported by Chen and Hamiltstwho used the CBS-q methagl.
3.2. Triplet Potential-Energy Surface. The triplet surface
is found to be relatively simple with only three stationary points
being located at the UMP2/6-311G** |level. The geometries

stretched. The geometry associated with the highest energy valuebtained in UMP2/6-311+G** calculations are presented in
on the potential energy surface was used as the starting pointrigure 2. The first stationary point is addug&t which has a

for an optimization to give a transition stal&4. In the UMP2/
6-311++G** calculations the transition statdS4 has a

structure similar to that of addutton the singlet surface. The
NO3z moiety becomes pyramidal with the-ND(1) and N-O(2)

“product-like” geometry and occurs late on the potential energy bonds about 0.1 A longer than for the singlet adduct. The
surface as one would expect for an endothermic reaction. Theunscaled vibrational frequencies are reported in Table 2. One

imaginary frequency of 17&m* for TS4 indicates a loosely
bound structure. The NO(3) bond length of 2.72 Ais 1.18 A
longer than the corresponding bond in At 298 K the
decomposition of isomeB to HO, + NO, is endothermic by
118.7 kJ motl. The activation energy of 103.1 kJ mélis
close to the value of 96.3 kJ mdlused by Baldwin and Golden
in their RRKM calculationg® The transition state for this
decompositionT S5, is similar to transition stat€S4, illustrated
in Figure 1, but differs in the relative orientation of the leaving
fragment HQ which is defined by a torsion angle ef179.2.
The decomposition of the HO, intermediate on the singlet

notices the lowering of the wavenumbers for theJ¢@mmetric

and asymmetric stretches and for the HOO bending mode
compared with the singlet adduct. The lowest frequencies are
those associated with the hydroxyl oxygen atom. TheHD
stretch frequency remains practically unchanged. This fact can
be correlated with the geometries of adduttand 4, which
show no significant difference in-©H bond length. Other than
along the reaction coordinate (€ stretch), the low-frequency
vibrations are N-O—OH bending, torsion about the-ND(3)
bond, and N@ scissor and umbrella modes. A typical heavy-
atom bending frequenéyis about 400 cm!. Our predicted

potential energy surface via reactions 3 and 5 has been alsovalues are somewhat lower, probably due to elongation of the
investigated by scanning the surface with UMP2/6-311G** N—O bonds. The most characteristic frequencies of the-
calculations, but the results did not show any possible pathwaysOH triplet complex are probably the NGcissoring mode at

for the formation of HNQ or HNO;. This conclusion is
reasonable since the geometries of adduand its rotational

656 cnTt, the NOO bending mode at 378 cfpand the OOH
bending mode at 1252 cr which are all calculated to have

isomers are highly unfavorable for any further internal rear- the highest relative intensities in the IR spectrum. A comparison
rangements including hydrogen shifts. A higher order saddle with experimental frequencies for HNO, shows that the

point with a structure similar to the products HN® O, (*Ag)

calculated frequencies for the triplet adduct are lower by an

has been located, so we assume that in order to draw definiteaverage of about 20%.

conclusions about the formation of these species it will be

Adduct4 is less stable than reactants by 119.8 kJthak

necessary to use a larger basis set or a higher level ofcomputed at the G2MP2* level for 298 K. Calculations carried

optimization. Zhu et a4l demonstrated that the HRO,

out to locate a transition state for the adduct formation

molecule in the gas phase decomposes quickly into HONO andsuccessfully obtained a nonplanar transition stagg. At a

HNO;3 on the surface of the reaction vessel. The,l@d NG

temperature of 298 K the calculated thermodynamic data (at

radicals could possibly react to form nitrous acid. Although the the G2MP2* level) are as followsAHzgs = 117.3 kJ mot?
formation of HONO is calculated to be thermodynamically and AH* = 141.0 kJ motl. These results indicate that the
favorable, we have found no evidence in our calculations for formation of the adduct on the triplet surface would be unlikely

its formation.

to occur since the activation energy is so high. The value of
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the imaginary frequency in the transition state has a relatively ~ Acknowledgment. L.C.J. is grateful to the Foreign and

high value of 108bcm™1, as one would expect for a tightly
bound transition state. In transition stai€6 the NO(3) bond
is elongated by 0.04 A, while the bond being formed-@H)

is 0.3 A longer than in H@ Analysis of the eigenvector for
the imaginary frequency for transition stal&6 reveals that
the reaction coordinate is given by Or83)-o@) — 0.26'n-0o(3),
i.e., the O(3)-0(4) and N-O(3) stretches make the largest
contributions.

A gradient search was performed in order to locate a transition

state that connects addukto the products HO+ NO,. At the
MP2 level of theory transition staeS7 was found on the triplet

surface. In the oxygen-atom abstraction transition state the length

of the O—-OH bond being formed is 1.37 A (3% longer than in
isolated HQ) while the length of the @—0O bond being broken
is 1.651 A (33% longer than in N§d The calculated spin

densities show that the radical character is located mainly on

atom O(1) in the N@ group and on atom O(3) in the newly
formed HQ radical. At the G2MP2* level we obtained an
enthalpy of activation oAH* = 16.8 kJ mot! and a reaction
enthalpy ofAH9s = —195.8 kJ moi? for the decomposition
of adduct4 to HO, + NO,. This decomposition would be a
feasible reaction pathway if adduétcould be formed.

4. Conclusions

In this paper we have presented ab initio calculations for the
singlet and triplet potential energy surfaces for the reaction of
the NQ; radical with OH. At the level of theory employed by

this study we found good agreement between our calculated
values and experimental thermochemical data and bond dis-
sociation energy. On the singlet surface an adduct is formed

easily with the calculated activation enthalpy for this process
being only—7.8 kJ mot. The adduct is lower in energy than

Commonwealth Office for support of this research through the
award of an ORS scholarship.
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