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A multifacet mechanism for the OH +HNO; reaction: An ab initio molecular
orbital /statistical theory study
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The mechanism for the OHHNO; reaction has been studied tap initio molecular orbital
calculations at the G2kéc3) level of theory. Four complexes and four transition states have been
found and confirmed by intrinsic reaction coordinate analyses. The commonly assumed
six-membered ring complex formed by hydrogen bonding of the OH radical with £NO
—ON(O)OH...OH—-, was found to be stable by 8.1 kcal/mol; its decomposition producing-NGD

was predicted to have a barrier of 11.6 kcal/mol. A five-membered ring complex,
—ON(O)OH...QH)—, with the H atom of the OH radical placed out of the ring plane, was found to
have a stability of 5.3 kcal/mol; it fragments to form BH,O with a barrier of 6.6 kcal/mol. Two
additional complexes, which are the mirror image of each other with a 7.4 kcal/mol binding energy,
were found to be related to the OH exchange reaction with a 13.3 kcal/mol barrier above the
complexes. The direct abstraction process producis@,tdnd NG, was predicted to have a large
barrier of 24.4 kcal/mol, insignificant to atmospheric chemistry. The rate constant has been
calculated at 200—1500 K and 0—760 Torr. The results show that the reaction has strong pressure
and tunneling effects below room temperature. In addition, the rate constants for the decay of OH
and OD(in OD+DNOy) evaluated by kinetic modeling compare reasonably well with experimental
data below room temperature. The unusually pronounced Kkinetic isotope effect observed
experimentallyky /kp=10, could be accounted for by the combination of the greater tunneling rate
in the H system and the large redissociation rate of stabilized complexes in the D system. The rate
constant predicted for the production of®land NQ in the temperature range 750—1500 K can be
effectively represented by the expressidn=1.45%10 2T35exp(+839/T) cni/s. © 2001
American Institute of Physics[DOI: 10.1063/1.1337041

. INTRODUCTION OH-+HNO;—HO-HONO}—HO-HONO,(+M) (@

The reaction of the hydroxyl radical with nitric acid is of
great importance to the chemistry of both stratosphere and
tropospheré.lt is also crltlcal.to the combustion of energetllc where “#” denotes internal excitation.
materials, such as ammonium perchlorate and ammonium The formation of the abstraction products,04NO,

dinitramide? occurring at high temperatures where only lim- has heen confirmed experimentally at room temperature by
ited kinetic data are availabfe. Jourdainet al!!* and Ravishankara and co-workérswith

In the temperature region of interest to atmospheriaunit product yield,[NO3]J/[OH],=1.0. This result suggests
chemistry, there have been many studies on the effects dhat the barrier for H abstraction by OH lies near the reac-
temp(:;r(;\_tur%‘24 and pressuré_”'lg'ﬂ'z“The observed strong tants and that the alternative slightly exothermic reaction,
negative temperature effect and the presence of a noticeable
pressure dependence below room temperature suggest the di- OH+HNO;—H;0,+NO;, (©
rect involvement of a long-lived association complex,
HO-HONO,. A quantum chemical calculation on this long- if it occurs at a_II, is unimportant near room temperature.
lived complex was recently given by Aloisio and FransfSco The objective of the present study is to elucidate the
and a theoretical analysis of low-temperature data has bee(ﬂechamsm for the reaction by fully charactenizing the poten-

made by Benson and co-work&tsn the basis of the mecha- f“a.“. energy surface. of the system, employing hlgh—legbl
nism: initio molecular orbital methods to calculate the energies and

molecular structures of the reactants, association complexes,
and transition states involved in the reaction. These critical

parameters are essential for prediction of rate constant calcu-
lations using appropriate statistical theories for a wide range

of temperature and pressure. The result of this detailed

—H,0+NO;, (b)
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II. COMPUTATIONAL METHODS wheren, andng are the numbers o and  valence elec-
trons, respectively. All calculations were carried out with

GAUSSIAN 94 programs?
The geometries of the reactants, products, complexes,

and transition states have been optimized at the hybrid den-
sity functional B3LYP methotf with the 6-311Gd,p) basis  B. Statistical theory calculation
set?’ Vibrational frequencies calculated at the same level of On the basis of the reaction energetics predicted by the
theory were employed to characterize stationary points angs2n method as described previously, we performed micro-
zero-point energy(ZPE) corrections. All the stationary canonical variational Rice—Ramsperger—Kassel-Marcus cal-
points have been positively identified for local minima with ¢yjations for the individual product channels with therI-
the number of imaginary frequencies NIMA® and for  rex codé! to be compared with experimental data. The
transition states with NIMAG:1. In order to confirm that & yariational treatment iRARIFLEX is similar to the variational
specific transition state connects the designated locatansition state theorfy TST) approach’? A detailed review
minima, we also performed intrinsic reaction coordinategn vTST has been made recently by Truhtaral 3
(IRC) calculation$® at the B3LYP/6-311G4,p) level of In the master equation calculation, the energy of a given
theory. molecule is divided into a contiguous set of grains. Each

To obtain more reliable energies of various species Ofyrain has the same width and contains a bundle of states
the potential energy surfac€®ES, we used the G2M \yhich has a common, averaged enerfy, and a microca-
method’®  which  approximates ~ RCCSD)/6-311  nonical rate coefficiert; . The master equation describes the
+G(3df,2p) using a series of single-point calculations with eyolution of the grain populationg; . For our one-well sys-
the B3LYP optimized geometries for basis set size expangem, the master equation takes the form
sion, correlation energy, and systematic error corrections. don(t) m
This method performs well for open shell systems. Several pilt)
versions of the scheme have been suggested by Mebel —dt _¢i+‘”j21 Pijpj(t) — wpi(t) — (ki1 +ki2) pi(1),
et al?® for varying molecular sizes. For the present system 1)
with five heavy atoms, G2kéc3) was employed throughout.
The method is briefly summarized as follows.

The total energy in G2ktc3) is calculated with

A. Ab initio calculation

where ¢; represents the input rate from the incoming two
fragments,m is the number of grains which is chosen such
that the population of thenth grain contributes negligibly to
E[G2M(cc3)]=Epst AE(+)+AE(2df ) +AE(cc) the rate coefficiento is the collision frequencywhich is a
function of temperature and pressyie (E) andk;,(E) are

+A'+AE(HLC) the microcanonical rate coefficients for decomposition and

+ZPHB3LYP/6—-311Qd,p)], redissociation, andP;; the probability of energy transfer
from grainj to graini upon collision. A simple exponential-
where down modet* was employed foP;; :
Epas= E[lPMP4/6-311Qd,p)], Pi=A exd - a(E;—E)], j=i, 2
AE(+)=E[PMP4/6-311+G(d,p)] where « is a parameter governing the efficiency of energy

transfer;a ! corresponds to the average energy removed per
~E[PMP4/6-311Qd,p)], collision for the down collision{AE)goun. Aj are normal-
AE(2df)=E[PMP2/6-311Q2df,p)] ization constants obtained from the normalized condition:

—E[PMP2/6-311Qd,p)], > P=1. ()

i
AE(cc)=E[CCSDT)/6—311Qd,
(co)=EL om adp)] The master equation was solved approximately with the

—E[PMP4/6-311Qd,p)], modified strong collision modéf:
A’ = E[MP2/6-311+G(3d,2p)] Fo.r tsr;e loose, barrierless transition states, the Varshni
potential;
~EIMP2/e-311Gz2df.p)] V(R)=D¢{1~(Ro/R)exif —~ B(R*~R3)]}?~D,, (4)
—E[MP2/6-311+G(d,p) ] was employed to represent the potential along the reaction
+E[MP2/6-311Gd,p)]. qoordinatg pecause it is more realistic than the Morse func-
N _ S tion when it is “flatter” at largeR. In the above equatiom
The empirical “higher level correction” is given by is the bond energy excluding zero-point vibrational energies;
AE(HLC)=0.00% —5.634—0.1%n,,) for open shell R is the r.eaction coprdinatéi.e., the distance _betwegh the
two bonding atoms in the present casad R, its equilib-
and rium value.
AE(HLC)=0.001 —5.451;,—0.1n,) In the variational tra_nsmon state, the rOV|brat|<_)r_1aI
modes are separated into conserved and transitional
for closed shell, modes’6-38
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FIG. 1. The structures and symmetry of all species in-
volved in the reaction of OH with HNQoptimized at
the B3LYP/6-311Gd,p) level.
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QR T)=Qcond R, T)-Qu(R,T), (5) Ill. RESULTS AND DISCUSSIONS
A. Geometries, frequencies and orbital bonding

QeondR,T) is the conserved mode partition function, and gnalysis
Qu(R,T) the transitional mode partition function. With this ) o ] o
separation, one can evaluate the number of states by Monte G€0metriesThe optimized geometries of all species in-
Carlo integration for the convolution of the sum of vibra- VOIved in the reactiorireactants, products, transition states,
tional quantum states for the conserved modes with the cla@nd corresponding complexeare depicted in Fig. 1. Four
sical phase space density of states for the transitional modeiéansition states were found for the reaction. IRC calculations
The classical treatment of the transitional modes has bedive confirmed that TS1 connects molecular complegrl
shown to be accurate by comparing the result of a quanturfpcal minimal 1, denoted as LM¥ormed by the association
treatment in a thermally averaged calculation of the highof OH with HNO; with the products N@+H,O. Similarly,
pressure rate constant for the methyl radical recombinatiod S2 also connects LM2 with N&-H,O. The transition state
reaction®”%® In this treatment, a minimization dflg;, the  for the OH exchange reaction, TS3, connects the two equiva-
energyE and total angular momentuthconserved number lent complexes, LM3a and LM3b. TS4 is the transition state
of available states, with respect to an assumed two bondingor the reaction OH-HNO;—H,0,+NO,. The potential en-
atom separation on the reaction coordinBtes performed. ergy surfacdPES profile of the entire system is presented in

For a tight transition state, a rigid rotor harmonic oscil- Fig. 2.
lator calculation ofNg; is employed with Eckart tunneling In LM1 and TS1, OH and HN@form almost planar,
corrections, if necessary. six-membered ring structures with the key difference be-
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keal/mol Tsd, 24.4) In Table I, we have listed the frequencies and moments of
L ’ inertia for all species involved in the reaction. For these com-
110.0 plexes, the first vibrational frequencies;{) originate from
7.5 the stretching mode of the OH radical fragment, and the
5.0 59 second {;,) from the OH stretching mode of the HNO
125 g; TSTISZ fragment. Both LM3a and LM3b have almost the same fre-
HNO,+OH HNO;+OH quencies as LML1.

25 Hy02#N0y, (-0.7) Comparing thev;,’s of LM1 and LM2 with the OH

L 5.0 stretching mode of the free HNOwe find that those of LM1

| 75 LM3a,-74 EM2, (5.3) . (1 and LM2 (3370 and 3187 cim, respectively are smaller
10,0 LMT, (-8.1) 74 than that of HNQ (3735 cm'}) and that the one in LM1 is

“ greater than that in LM2, reflecting the effects of the OH

H,0+NO3, (-17.2) radical bonding with HN@and a stronger HO...HNQOnter-
action in LM2 than LM1. However, LM2 has smaller bond
angles than LM1; its stereo-repulsion energy is expected to
be higher, so that the total energy of LM2 is higher than that

tween the two in the apparent shorteningRgHO...HNO;)  Of LM1. Comparing thev;,’s Ofl'-Ml and LM2 with that of
from 1.817 to 1.217 A and the decrease in the bond angléhe free OH ”iol“cfi(3704 cm”) indicates that the;, of
A(OHO) by 13.3°. In TS1 the atoms in the ring also deviate-M1 (3621 cm™) is smaller, whereas that of LM£3736
farther from the planar structure. TS2 and LM2 effectively¢M ) With the out-of-plane H atom is larger. These results
have five-membered ring structures, since the H atom in thé&n be further understood by the bonding orbital analysis
OH radical is out of plane in both cases. TS2 differs fromdiven in the following.
LM2 in a similar manner as in the TS1/LM1 case, with  According to our analysis of the bonding orbitdle.,
R(HO...HNO,) decreasing from 1.683 A in LM2 to 1.253 A the electron densities of typical bonding orbitals, as shown in
in TS2, but theA(OHO) angle increases slightly by 2.3°. Fig. 3), the OH radical fragment in the six-membered ring of
Both LM1 and LM2 are the molecular complexes LM1 mainly interacts with the OH group in HNOby the
formed directly by the association of OH and Hjtrough ~ Px. Py, ands orbitals(with the ¢ interaction on thecy mo-
hydrogen bonding. As shown in Fig. R(HO—HNQ;) is lecular plane and ther orbital (p,) perpendicular to the
longer in LM1 than that in LM2 by 0.134 A, whilR(O—H)  plane. The = orbital interacts weakly with the HNOby 7
in the HNQ; fragment of LM1 is shorter than that of LM2 by bonding, shoulder to shoulder. For the five-membered ring
0.009 A.R(N—OH) in the HNQ of LM1 is longer than that LM2, the H atom of the OH radical is out of the ring plane,
of LM2 and, similarly,R(O—H) of the OH radical fragment SO theo orbital (in this cases or p,) and, especially, ther
in LM1 is longer than the corresponding bond in LM2, orbital (in this casepy or py) can interact more strongly with
which is attributable to the weak interaction of O...H and theO and OH of the HNQ@ fragment in LM2 by forming
bigger anglesA(NOH) and A(OHO) in the six-membered Symmetry-adapted-bonding orbitals; accordingly, the OH
ring of LM1. Moreover, the difference in bonding distance stretching frequency of the OH radical in LM2 is closer to
between N—OH and N-O in LM1 is greater than the differ-that of H,0.
ence in LM2, suggesting that LM1 is more similar to the  Figure 3 indicates that LM1 and TS1 have an obvious
reactants (HN@+OH) than LM2 is. A search to connect Six-membered ring bonding region between OH and HNO
LM1 with LM2 failed to find a transition state. while LM2 and TS2 have a five-membered ring bonding
For TS1 and TS2, the difference iIR(N—OH) and region due to the out of plane geometry of the H atom of the
R(N-O) is smaller than that in LM1 and LM2, especially for hydroxyl radical fragment. In general, a stronger HO...HNO
TS2.R(N-OH) in TS2 is shorter than that in TS1 by 0.066 bonding exists in the transition state than in the correspond-
A, andR(NO—-H) in TS2 is larger than that in TS1 by 0.020 ing complex. In addition, TS2 has more bonding orbitals
A, althoughR(HO...HNQ,) in TS2 is larger than the one in between the OH and HNOfragments than TS1 and TS3
TS1, presumably caused by the larger stereo-repulsion bdxave; this is consistent with the lowest total energy of TS2
tween HNQ and OH in TS2; so TS2 is closer to the productsamong all the transition statésee Fig. 2 and Table)ll
(NO3+H,0) than TS1 is by comparing the geometry of the ~ Moreover, atomic spin density data show that in LM2
product pair. the OH radical interacts with the ring-O in HNQsee also
TS3 appears to be a symmetric structure viithsym-  Figs. 3a) and 3b)], but in LM1 this interaction is negligibly
metry; it connects with hydrogen bonded complexes LM3asmall. The spin densities of the two entities O and OH of the
and LM3b, whose structures are very similar to that of LM1OH radical fragment in LM1 are 1.035 and 1.010, respec-
except that the former hav@; symmetry, whereas the latter tively, whereas in LM2 they are 0.933 and 0.910, indicating
hasC,; symmetry. again that the interaction of the OH with HN@ LM2 is
TS4 is the transition state of the OH radical attack on thestronger and dominated by theorbital contribution. On the
O atom in the OH group of HN@producing HO,+NO,; its  other hand, in LM1g-orbital contribution from the OH radi-
barrier is considerably larger than those of the aforemeneal fragment to the interaction between the reactants is pre-
tioned processes. dominant. Further orbital and atomic spin density analyses
Frequencies and orbital bonding analysis for complexesfor the transition states indicate thatbonding interaction

FIG. 2. PES of the OHHNO; reaction system.

Downloaded 27 Mar 2001 to 199.98.105.63. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



4526 J. Chem. Phys., Vol. 114, No. 10, 8 March 2001

W. S. Xia and M. C. Lin

TABLE I. Frequencies and moments of inertia for TS1, TS2, TS3, TS4, reactants, products, and complex
(LM1, LM2, LM3a, LM3b) with the geometry optimized at the B3LYP/6-311d5) level for OH+HNO; and
OD-+DNO; (denoted by I.

Species I, (a.u) v, (cm™)

OH 0.0, 3.2,3.2 3704

oD 0.0,6.1,6.1 2698

HNO; 138.5, 149.7, 288.2 3735, 1778, 1359, 1327, 912, 777, 655, 589, 481

DNO3 139.0, 160.3, 299.3 2719, 1755, 1352, 1038, 911, 776, 651, 549, 356

H,O 2.3,4.1,6.4 3906, 3809, 1639

D,O 4.0, 8.2,12.3 2862, 2747, 1199

NO; 130.2, 130.3, 260.5 1136, 1123, 1123, 802, 259, 258

H,0, 1456.4, 3780.9, 3782.1 3782, 3781, 1456, 1303, 943, 347

NO, 7.5, 138.3, 145.8 1705, 1399, 767

TS1 145.5, 549.4, 694.3 3685, 1682, 1502, 1304, 1248, 891, 784, 741, 671, 653,
405, 333, 153,97, 1638(

TS1D) 149.8, 569.6, 718.0 2683, 1656, 1312, 1107, 984, 880, 780, 683, 622, 551, 378,
250, 142, 97,1188}

TS2 143.0, 475.9, 613.4 3764, 1764, 1575, 1427, 1399, 1020, 832, 790, 698, 600,
509, 508, 302,124, 1258

TS2D) 147.8, 500.3, 638.3 2742, 1641, 1359, 1209, 1020, 1014, 829, 789, 695, 505,
439, 381, 291, 122, 958

TS3 144.6, 490.4, 635.1 2082, 1693, 1585, 1297, 1282, 1025, 859, 814, 793, 766,
704, 521, 492, 125, 143i)

TS3D) 148.8, 501.7, 650.5 1682, 1473, 1353, 1053, 1025, 957, 807, 794, 762, 652,
511, 508, 491, 127, 1058

TS4 145.8, 749.6, 891.6 3790, 3782, 1803, 1378, 1177, 949, 782, 485, 409, 295,
287, 152, 132, 71, 705)(

LM1 147.0, 624.1, 771.1 3621, 3370, 1762, 1453, 1333, 943, 785, 684, 662, 640,
500, 247, 202,159, 77

LM1(D) 152.1, 641.6, 793.7 2636, 2463, 1726, 1338, 1108, 942, 783, 681, 603, 512,
380, 200, 187, 148, 83

LM2 147.5, 537.8, 680.3 3736, 3187, 1746, 1472, 1293, 946, 885, 783, 690, 633,
434, 347, 249, 152, 86

LM2(D) 153.6, 562.3, 707.5 2721, 2328, 1698, 1310, 1124, 945, 783, 687, 641, 600,
317, 269, 235, 151, 85

LM3a 147.0, 623.8, 770.8 3618, 3372, 1762, 1454, 1333, 943, 785, 684, 662, 640,
498, 249, 202, 159, 77

LM3b 147.0, 623.8, 770.7 3618, 3372, 1762, 1454, 1333, 943, 785, 684, 662, 640,
498, 248, 202,159, 77

LM3(D) 152.1, 641.6, 793.7 2636, 2462, 1726, 1338, 1108, 942, 782, 680, 603, 503,

379, 200, 184,147, 80

between OH and HN@Qincreases as thR(HO...HNG;) dis-  Ts4
tance decreases and the atoms in the rings in TS1 and TS2 H,0,+NO,.
deviate farther from the planar structures.

In the exchange reaction transition state TS3 with
symmetry, however, there is no significantinteraction be- As
tween OH and HN@ the interaction is dominated by

bonding as shown in Fig.(8).

B. PES and reaction mechani

sm

The corresponding PES of the system is presented in Fig. 2.
presented in Table I, the G2M//B3LYP/
6-311G(@d,p) energies are close to the values predicted by
CCsSOT)/6-311G(,p)//B3LYP/6-311G(,p). Actually we

also tested G2M calculations with optimized geometry at the
levels of B3LYP/6-31%+G(d,p) and B3LYP/cc-pvdz; the
results showed very small differences. As shown in Fig. 2,

As listed in Table I, four complexes have been identifiedboth complexes LM1 and LM2, which lie 8.1 and 5.3 kcal/
and confirmed by IRC calculations to be connected with themol, respectively, below the reactants through barrierless as-
reactants, TSs, and products according to the following reacsociation, lead to the formation of the N@nd HO prod-

tion scheme:

VTS1 TS1

OH+HNO; <+ LM1— NOz+H,0

VTS2 TS2

< LM2— NO;+H,0

VTS3 TS3
+— LM3a~ LM3b

VTS3
< OH+HNO;

ucts. The extra stability of LM1 over LM2, as alluded to
before, results from the additional hydrogen bonding be-
tween the hydroxyl H atom and one of the terminal oxygen
atoms of HNQ (see Fig. 1L A similar six-centered
complex has recently been reported by Aloisio and
Fransisc®® with a 6.0 kcal/mol binding energy at the
CCSOT)/6-311++G(2d,2p) // B3LYP/6-311++G(2d,2p)
level of theory. The penalty for the higher stability of LM1 is
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LM1

TS1 (@)

LM2

TS2 ®)

FIG. 3. Two-dimensional electron density contours at
the level of B3LYP/6-311Gd,p) for some selected
bonding orbitals of complexes and transition statep.
LM1 and TS1;(b) LM2 and TS2;(c) LM3a or LM3b
and TS3. The electron density is plotted in units of
0.025 electron bohP.

LM3

TS3 ©

TABLE II. Energies of various species relative to the reactants with structures optimized at the
B3LYP/6-311(d,p) level. [Energies in kcal/mol; RHNO;+OH; P1=NO;+H,0; P2=NO,+H,0,;
B1:6-311G(,p); B2:6-311+G(3df,2p)].

Species R LMl LM2 LM3a LM3b TS1 TS2 TS3 TS4 P1 P2
B3LYP/B1 004 -88 -84 -88 -88 -43 -75 26 168 -169 -14
ZPEH) o 17 19 1.4 14 -17 00 -18 03 -18 02
ZPED) 0F 14 16 1.4 14 -10 03 -09 -1.9
MP2/B1 0od 25 -36 -72 -—72 116 112 111 498 —-239 -14
MP2/B2 06 10 -28 -58 58 95 9.0 100 498 —275 —009

ccsom)y/BL 00 -64 —-45 -75 75 5.7 4.3 7.7 258 —122 -06
G2M(cc3d(H) 0.® -81 -53 -74 —7.4 35 1.3 59 244 —-172 -07
G2M(cc3(D) 00 -84 -56 -74 7.4 4.2 1.7 6.9 -17.2

2_356.687 008 a.u.

521.9 kcal/mol.

€18.3 kcal/mol.

4—355.850 591 a.u.

©-356.073 812 a.u.

f-355.891 330 a.u.

9-356.201 894 a.u.

"—356.207 617 7 a.uH) for OH+HNO; and (D) for OD+DNOs.
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-25 rier effectively rules out its significance in atmospheric
760 Torr chemistry.
-26 4 500 Torr
~ C. Rate constant calculations and kinetic implications
§ o7 200 Torr
«»g - 100 Torr 1. VARIFLEX results on P, T and tunneling effects
= 50 Torr In Table I, we list the required molecular parameters
c -28 . .
= (moment of inertia and frequencjefr rate constant calcu-
10 Torr

lations with thevARIFLEX codé€” for the three reaction chan-
29+ 0 Torr nels, including those for the OPDNO; reaction. Thel—J
parameters used in these calculations are: for thedsplex

=30 ———T—— . — collision, c=3.98 A, e/K =189 and for the He-complex col-
1 2 3 4 5 6 lision, c=3.40 A ande/K =63. These parameters were esti-
1000/T () mated by assuming those for HO..H)® be approximately

FIG. 4. Total rate constant calculated withriFLEX as a function of tem-  the same as the values employed for FQ%The results
perature T=200-1000 K) and pressureB0-760 Torr) with N as bath ~ shown in Fig. 4 indicate that the OHHNO; reaction exhib-
gas. its strong negative-temperature and positive pressure effects
below room temperature. Above 600 K, the pressure effect
disappears completely as has been found experimentally.

the greater reaction barrier at TS1, 11.6 kcal/mol at thelhese results can be easily rationaliz&€l). The association
G2M(cc3 level, for H,O elimination, compared with a reaction is barrierless and the smallest exit barrier leading to
smaller barrier at TS2, 6.6 kcal/mol, for the correspondingNO;+H,0, 1.3 kcal/mol above the reactants, which cannot
process. The absence of hydrogen bonding for the hydroxyde overcome easily at low temperaturds<(300 K), can be
H atom makes the radical more reactive as one would expectasily crossed over at higher temperaturgs. The well

The OH exchange process takes place by a symmetricalepth of the most stable complex is 8.1 kcal/mol, which is
PES via LM3a, TS3, and LM3b, with the two complexes responsible for most of the predicted pressure effsee
being the mirror image of each other, lying 7.4 kcal/mol Table Ill), the complex is thus unstable above room tempera-
below the reactants. The exchange barrier lies 13.3 kcal/maure. Accordingly, the redissociation process back to the re-
above both complexes. The selected bonding orbitals for thactants becomes dominant as the reaction temperature in-
exchange process are shown in Figc)3The formation and creases, resulting in the negative temperature dependence.
fragmentation of the complexes occur barrierlessly without al'he reaction channels via TS1 and TS2 become competitive
well-defined transition state. only at higher temperaturd3 >500 K, for examplg

The overall enthalpy change for the OHINO; The turning point of temperature from negative to posi-
—H,O+NO; reaction was predicted by G2M to bel7.2  tive in the Arrhenius plot depends upon the pressure; the
kcal/mol, which compares reasonably with the valud6.9  lower pressures have lower turning points because of the
kcal/mol, by B3LYP/6-311@&l, p) (see Table Il and the reduced collisional deactivation rate.
experimental value;-18.1 kcal/moF® Figure 5 compares the total decay rate constants for OH

The production of HO, and NG, via TS4 has a distinct and OD predicted with and without tunneling corrections at
and large barrier of 24.4 kcal/mol, with a small exothermic-two pressures. At the lower pressure, the tunneling effect on
ity (—0.7 kcal/mo}, to be compared with the experimental the OH+HNO; reaction is strong, especially at lower tem-
value of —1.9 kcal/mof® and the B3LYP/6-311Gi,p) peratures; at the higher pressure the effect becomes smaller
value, —1.4 kcal/mol(see Table . The large reaction bar- due to the greater deactivation rate, which reduces the vibra-

TABLE IlI. A typical set of individual rate constants employed in kinetic modeling at 250 K as functions of pregsdierr) with N, as bath gas.

T P R1 R2+ R2—- R3 R4 R5+ R5— R6 R7+ R7—

OH+HNO; 10 4.0E-14 29€-14 2.0E¥+04 7.0E+04 14EZ-13 19E-15 51E+05 6.8E+06 94%E—-15 5.0E+04
20 40E-14 57&-14 40£+04 73E+04 14E-13 38E-15 10E+06 9.8E+06 1.8¥—-14 1.0E+05

50 39¥€-14 14F-13 10E+05 75E+04 14E-13 95E-15 25&+06 1.4&+07 4.7E—-14 25E+05

100 3.9&—-14 28&£-13 19E€+05 75%¥+04 14EX-13 19E-14 51%F+06 1.8&£+07 93%E-14 49E+05

200 3.9&—-14 55&-13 39E+05 7.6E+04 14E-13 3.7&-14 10E+07 21¥+07 18&-13 9.8E+05

350 39E-14 95&-13 6.6E+05 7.6&E+04 14E-13 65&-14 17E&€+07 24E+07 32E-13 17E+06

500 39E-14 13%-12 94E+05 7.7E+04 14E-13 93&-14 25£+07 25£+07 45&-13 24E+06

600 39E&E-14 16E-12 11E+06 7.7E+04 14E-13 11E-13 3.0E+07 25¥+07 54£-13 28E+06

760 38%&—-14 20E-12 14€E+06 7.7E+04 14E-13 14E-13 38E+07 26&+07 684&£—-13 3.6&£+06

900 3.8E-14 23%E-12 16&£+06 7.7€£+04 14E-13 16E—-13 45E+07 2.6¥E+07 8.0&—-13 4.2E+06

OD+DNO; 50 9.7€-16 13¥—-13 14E+05 2.0&+02 19%-14 12&-14 29%E€+06 54&+05 82—14 3.7E+05
500 9.7£-16 12&-12 13¥€+06 21F+02 19£&£-14 12£-13 29E+07 59E+05 B8.0E—-13 3.6E+06

3The rate constants are given in units of3snR2+ and R2- represent the forward and reverse rate constants for reaction 2.
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24 ° 250K, 50 torr
J 0
254
25 500 Torr
—_ ] (OD+DNO,)t
 -26 (OH+HNO )t 2
D (OH+HNO,Jwt
5]
E 277 50 Torr = N
x 1 (OH+HNO )t I 3, OD+DNO,
c -28 - (OD+DNO,)t S -4+ S
= i 2277 (OH+HNOwt T
-29] e '
g
L 4
-30 ry .. L.
| ~. e N
31 T T T T T
1 2 3 4 5 6 -8 N
1000/T (K) OH+HNO;
FIG. 5. Effects of tunneling on the rate constants calculated at 50 and 500 10 e
Torr for OH+HNO; and OD+DNO; using N, as bath gas. t and wt indicate 0 1 2 3 4 5 @
the results with and without tunneling corrections. Inset: Curves 1, 2 and 3 t (msec)

give the individual rate constants for channels 1, 2, and 3 at 50 Torr for

OH-+HNO;; solid curve: with tunneling corrections; dash curve: without ) . . .
tunneling corrections. FIG. 6. Comparison of predicted QBl) decay vs time at 250 K with 50

Torr pressure. Solid line: kinetically modeled decay using predicted rate
constants; dash line: predicted decay excluding the redissociation of ther-

tional population of the excited complexes. In this svste malized molecular complexes; data points: experimental data of Ref. 24 for
pop p ’ y mOH+HNO3 measured at 250 K and 50 Torr pressure withdffer gas

tunneling is significant because the energy barriers for theret. 24.
H-atom abstraction reactions lie 1-3 kcal/mol above the re-
actants. One would therefore expect a strong kinetic isotope
effect enhanced bly-dependent quantum mechanical tunnel-the inclusion of the redissociation of complexes back to the
ing, in agreement with experiment restffts. reactants. The implication of this significantly different result
2. Modeling of experimental data will be discussed in Sec. Il C 3.

On account of the thermal instability of the molecular _Flgure”7 Comparesdth(jeé?redlc:]ed pressure effect letgoex-
complexes, kinetic modeling has to be carried out for thegggmenéazge_) r|r<1e$rs]ure | a?tht lr(_ee Fempedralt_ures,_ h
three main reactions in order to account for the experimen-<>>» &1 - The results ot the kinetic modeling using the

tally observed OH decay kinetic¥he modeling was per- calculated individual rate constants agree well with experi-
formed with the following set of reactions: mental dat&* These results also show that helium as a bath

gas is less efficient than Nlue to its lower energy transfer

OH+HNO3;—H,0+NO;, (1) efficiency. At 296 K, the effect of pressure almost fully dis-
appears, as was observed experimentally. The small devia-
OH+HNO3;+M—LM1+M, (2+,2— :
3TV ( ) tions between the modeled and observed apparent OH decay
LM1+M—H,O0+NOs+M, (3) constants may be accounted for by assuming temperature-

OH+HNO;+M—LM2+M, (5+,5—) o
220K, N,
LM2+M—H,0+NOs+M, (6) 8 { I
OH-+HNO;+M«—LM3+M. (7+,7—) D 6+ .
The individual T,P-dependent rate constants for the above e
reactions were calculated withhRIFLEX; the values obtained o 41 250K N,
for 250 K are listed in Table IIl for Blas buffer gas. 2 250K, He
As shown in Fig. 6, the kinetically modeled result for 24 .
250 K at 50 Torr using Mas bath gas is in excellent agree- A * 29BN,
ment with the experimentally observed OH decay rates. 0- i
The apparent decay rate is much slower than the predicted J
total OH decay constant, excluding the redissociation of the 2 J
deactivated molecular complexes in the simulation, suggest- 0 200 400 600 800 1000
ing that the contribution from the redissociation processes P (Torr)

(R2-, R5-, and R7-is very important. The statistical theory

only predicts the probabilities for the formation of various constants for OH decay at 220, 250, and 296 K usingii He as bath gas.

products at=0. In Fig'.'ﬁ, the decay of OD in_ OBDNO§ Solid curve: kinetically modeled values; data points: experimental results of
under the same conditions was calculated with and withouRef. 24.

FIG. 7. Comparison of the predicted pressure effect on the apparent rate
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18 296 K, 10 Torr/N, as bath gas
OH+HNO, 8
16 L Low-pressure-limit g . 4 \ /A £N03] _A[EZAO]
14 I E 4
< 12t =FE )| 500 Tor 27 . osI= 100
D o .
w =z -
CE 10 oo s 100031'9«) 45 60 -§ . . A
3] I = AT
o 8F & o .
.-4'0 | § /A— [oD] "o\.
Z 6F . 50 Torr R
Y r - /‘\
41 g
g 0 o 0 0—0
2F S [OH]
=z & s 500, 50 Torr : , T . T ;
0 b ® cmwroooere—— 0 1 2 3 4 5 6
OD+DNO, t (msec)
2F
R T TN S T P T FIG. 9. Kinetically modeled OKD) decay and N@formation rates at 296
20 25 3.0 35 40 45 50 55 60 K. [OH]o=[OD]o=4.00x 10"* molecules/cy [HNO;]=[DNO;]=8.45
1000/T X 10" molecules/cry P=10 Torr, N, as buffer gas.

FIG. 8. Comparison of kinetically modeled @B)+H(D)NO; rate con-
stants at 50 and 500 Torr. Dotted curve: result for 50 Torr; solid curve:H,O. The rate constant evaluated at temperatures between

result for 500 Torr. Experimental data for GHHNO;: crosses, Ref. 24 for 750 and 1500 K can be effectively represented by
500 Torr; diamond: Ref. 10 for 50 Torr; triangle: Ref. 24 for 50 Torr. For

OD+DNO;, circle: Ref. 23; squares: Ref. 41. Inset: the low-pressure limit Kno.=1.45x 10° 23T 3Sexp( + 839/T) cm’s.
rate constant for OHHNO;, solid curve:variFLEX result at O Torr; dashed s

line: Ref. 24, circle: Ref. 20; square: Ref. 16; cross: Ref. 11. Experimenta”y, On|y one value has been reported, by
Glanzer and Tro€ at 1000-1100 K with kyo,=1.6

x 10" Bcm’ls from the thermal decomposition of HNGh
shock waves. This result is about a factor of 7 lower than our
predicted value given above. An improved experiment cou-
pling pulsed laser photolysis with homogeneous shock heat-
ing is expected to provide more reliable kinetic data over a
wider temperature range.

dependent energy transfer step SiZ&FE)gyoun- Due to the
absence of AE)4o.n Parameters from experiment, in our cal-
culations the energy transfer parametewas obtained by
fitting the experimental data; 270 and 80 thwere used for
N, and He as buffer gases, respectively.

The effect of temperature on the apparent second-order
OH decay rate constant is shown in Fig. 8 for 50 and 5003 Kinetic isotope effect
Torr pressure. The predicted values agree reasonably well The rate constant for the fully deuterated ®DNO;
with experimental results obtained around these pressures. teaction obtained by Singletat al?® and Ravishankara and
the inset of Fig. 8, the predicted low pressure lifialcu-  co-workeré! is presented in Fig. 8 for comparison with those
lated atP=0 Torr) is compared with experimental results for the nondeuterated reaction. As shown in Fig. 8, the effect
measured aP<5 Torr by different investigators. The agree- of isotope substitution is very large wiky /kp= 10, depend-
ment between theory and experiment is again quite reasommg on the total pressure of the system, attributable to the
able in the temperature range where theory and experimestrongP dependence df .
overlap. Also in Fig. 8, the rate constant determined for the  The origin of such a large kinetic isotope effect and the
OD+DNO; reaction is included for comparison. The appar-apparent lack of pressure dependence in the OD decay kinet-
ent large kinetic isotope effect will be addressed later. ics cannot be understood without the benefit of kinetic mod-

Kinetic modeling also allows us to confirm the finding of eling. In Fig. 5, the total rate constants including the forma-
Jourdainet al!* and Ravishankara and co-workerthat the  tion of NO; and the collisional stabilization of the complex
OH+HNO; reaction at room temperature occurs with unitat 50 and 500 Torr for OHHNO; and OD+DNO; pre-
product yield with{NO3]/[OH]o= 1. Figure 9 shows the pre- dicted by the calculations witkARIFLEX, with and without
dicted decay of OH and the formation of N@t 296 K. The tunneling corrections, are comparable. These results are in
concentration of N@grows in concomitant with the decay sharp contrast with the apparent OH and OD decay rate con-
of OH, rapidly approaching its unit yield witfNO3]/[OH],  stants measured experimentally; they differ by as much as a
=1 as reported experimentally. Also included in Fig. 9 arefactor of 10 or more as shown in Fig. 8. The apparent con-
the decay of OD and the formation of N@redicted for the tradiction can be reasonably accounted for by kinetic model-
OD+DNO; reaction under the same conditions. This resulting which includes the thermal decomposition of the colli-
will also be referred to later. sionally stabilized association complexes producing

As alluded to previously, as the temperature of the sysNO3;+H,O/D,0 and the redissociation of the complexes
tem increases, the reaction beconfesidependent and the back to the reactants. On account of the smaller barrier for
decay of OH is dominated by the production of N@xd  NO; production, aided by the significant tunneling contribu-
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Table 1Il). This effect is clearly illustrated by the kinetically *R. P. Wayne,Chemistry of Atmosphere@nd ed.(Clarendon, Oxford,

g 1991).
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