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The results of a classical trajectory study of intramolecular vibrational energy redistribution, cis-trans isomerization, and uni- 
molecular dissociation in HONO are presented. The calculations were carried out on a realistic potentialenergy surface that was 
constructed by using the available kinetic, thermochemical, spectroscopic, and ab initio quantum mechanical information. The 
influence of the total energy, initial normal-mode excitations, initial OH-stretch overtone excitations, rotation, and potential- 
energy surface on intramolecular vibrational redistribution and the initial rates of isomerization and dissociation is discussed. 
The results show significant mode-specific behavior, particularly for the isomerization. Excitations of overtones of the OH or 
N-O bond stretching modes yield the lowest initial rates for both isomerization and dissociation. Excitation of the HON bending 
mode yields the largest isomerization rates while excitation of the ON0 bending mode yields the largest dissociation rate. At a 
fixed total energy, placing a small amount of rotational energy in the molecule causes a significant increase in the isomerization 
and dissociation initial rates over those computed for nonrotating HONO, however, when the rotational energy is increased above 
0.1 eV, the rates decrease as expected on the basis of RRKM theory. The orientation of the rotation is an important factor for the 
intramolecular energy transfer and reaction rates. Rotating the molecule along the torsional axis causes a significant increase of 
the initial rate of isomerization. Rotating the molecule perpendicular to the ON bond causes significant increases in the dissocia- 
tion rates. 

1. Introduction 

It is well established that most unimolecular chem- 
ical reactions can be theoretically treated by assum- 
ing statistical behavior for the intramolecular dy- 
namics. In fact, RRKM theory is perhaps the most 
widely successful theory in chemical kinetics. On the 
other hand, it is known that if excitation energy is 
initially deposited in some mode or group of modes, 
it will flow out (at least, initially) of the initial site 
along well-defined pathways. This would suggest that 
if experiments are carried out in which the excitation 
energy is deposited into modes that are part of or 
strongly coupled to the reaction-coordinate modes or 
if the level of excitation is sufficiently high that 
enough energy to cause reaction can flow into the re- 
action-coordinate modes during the initial phase of 
the relaxation, then mode specificity should be ob- 
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served. We have shown in classical trajectory calcu- 
lations that these conditions can lead to mode selec- 
tive chemistry in a number of molecules; however, in 
some of these cases the high excitation energy re- 
quired to give an observable effect is not achievable 
in the laboratory. In most cases, experiments rely on 
overtone excitations of X-H local bond modes (for 
a review of experimental studies, see ref. [ 1 ] ). Thus, 
the energy is initially localized in a high-frequency 
mode while the reaction coordinate involves low-fre- 
quency modes (for example, most simple bond-rup- 
ture reactions) which are not strongly coupled with 
the excited mode. The coupling between the excita- 
tion and reaction modes can be significant at high 
levels of excitation because of anharmonicity, but it 
is not possible in most cases to excite the X-H mode 
to high enough energies to mode-selectively affect the 
reaction. 

However, it is clear that observation of mode spec- 
ificity in chemical reactions is possible - it is a matter 
of exploiting favorable conditions in appropriate 
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molecules. For example, given present experimental 
capabilities, it should be possible it excite an over- 
tone of an X-H bond mode where the H-atom mo- 
tion is directly involved in a decomposition reaction 
and thus observe mode specific behavior. This situa- 
tion exists for many concerted molecular elimination 
reactions in molecules such as ethers, nitroalkanes, 
and nitramines. Sumpter and Thompson [ 21 found 
evidence for such mode-specific behavior in the re- 
sults of a classical trajectory study of HONO elimi- 
nation in dimethylnitramine. This reaction requires 
the migration of a hydrogen atom from a carbon atom 
to an oxygen atom. This intramolecular rearrange- 
ment is then followed by the fission of the N-N bond. 
The transfer of the H atom from a carbon to an oxy- 
gen is the crucial step (requiring about 38 kcal/mol) 
in the concerted mechanism and thus the excitation 
of the C-H stretch places energy directly in a motion 
that is intimately involved in the reaction. There are 
many concerted molecular elimination reactions that 
are similar to this one and thus may be potentially 
interesting candidates for studies by mode-selective 
excitation techniques. 

Another situation that is favorable for rate en- 
hancement by specific mode excitations is reaction 
over a low potential barrier. In most chemical reac- 
tions a relatively large amount of energy must flow 
into the reaction-coordinate modes to cause reaction. 
Thus, the excitation energy usually becomes distrib- 
uted among the other modes of the molecule before 
sufficient energy to affect reaction has been trans- 
ferred to the reaction-coordinate modes. However, if 
the energy barrier to reaction is small relative to the 
excitation energy, then it is possible that the reaction 
may be influenced by nonstatistical energy transfer 
among the internal modes of the molecule. With this 
idea in mind, we have explored the possibility of 
mode specificity in cis-trans conversions [ 3,4]. Cis- 
trans conversions usually have energy barriers that 
are on the order of 15 kcal/mol or less. Experimen- 
tally, it is possible to excite CH or OH stretch modes 
to overtones with energies much higher than the iso- 
merization barriers. We have shown with classical 
trajectory calculations that, even for chemical reac- 
tions in polyatomic molecules with relatively high 
energy barriers, mode specificity occurs if sufficient 
energy is deposited in a mode that is coupled to the 
reaction-coordinate modes [ 2,5-8 1. This situation is 

easily realized in cis-trans conversions at energies that 
are easily attained in experiments. McDonald and 
Shirk [ 9 ] (see also ref. [ lo] ) have reported experi- 
mental studies of the isomerization of HONO in solid 
nitrogen and argon in which they selectively excited 
various modes of the molecule with a laser. Their re- 
sults, for much lower energies than used in our cal- 
culations, also indicate mode specific behavior. Bauer 
and co-workers [ 111 have reported a series of exper- 
imental studies of a variety of intramolecular conver- 
sions over low barriers in which they have explored 
nonstatistical behavior. These studies address the 
question of whether RRKM theory is applicable to 
intramolecular conversions over low barriers in the 
second-order regime. Chauvel and co-workers [ 121 
have independently carried out several studies ad- 
dressing the same question. 

Recently, we reported a quasiclassical trajectory 
study of intramolecular vibrational energy transfer 
and cis-trans isomerization in HONO [ 3 1. We in- 
vestigated the influence of the excitation site and ini- 
tial geometry on the intramolecular vibrational re- 
distribution and on the rates of cis-ttrans and 
trans+cis conversions. We found significant differ- 
ences (as much as an order of magnitude) in the rates 
for the cis-+trans and trans+cis conversions (at a to- 
tal energy of 1.7 eV) even though the energy barriers 
for the two processes differ by only about 2 15 cm- ‘. 
Furthermore, we found that the rates for both pro- 
cesses strongly depend on the initial site of the exci- 
tation energy. These calculations were done using a 
simple anharmonic potential-energy surface without 
coupling terms. Thus, the calculated effects are due 
to kinetic couplings. It is clear that the kinetic cou- 
plings are significantly different in the trans and the 
cis geometries. We have also recently done a similar 
study for methyl nitrite in which we obtained similar 
differences in the rates for cis-+trans and trans-+cis 
conversions [ 4 1. However, we observed no mode 
specific effects due to excitation of CH stretch modes 
in methyl nitrite. 

We report in the present paper further studies of 
HONO. We have developed a more realistic poten- 
tial than used in the first study in order to determine 
the influence of the potential on the conclusions of 
that study. We have also studied the decomposition 
reaction. The rearrangement reaction HONO-+ 
HN02, which involves an energy barrier on the order 
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of 60 kcal/mol, was not considered in the study. We 
have also investigated the influence of rotation on the 
IVR, cis-trans conversion, and dissociation in 
HONO. Recently, we reported a classical trajectory 
study of the influence of rotation on the intramolec- 
ular energy transfer and unimolecular dissociation of 
hydrogen peroxide [ 13 1. The results of that study 
provided impetus to investigate the influence of ro- 
tation on the dynamics of HONO. We found that ro- 
tation-vibration interactions cause a substantial en- 
hancement in vibrational energy flow in hydrogen 
peroxide. The strongest interactions are between ro- 
tation and the low-frequency torsional mode. The vi- 
brational energy transfer out of the fifth OH overtone 
in rotationally excited hydrogen peroxide is about 
twice that in nonrotating molecule for the 3.25 ps time 
period for which the trajectories were followed. The 
rate coefficient for unimolecular dissociation of ro- 
tating H202 is 2.5 times that for nonrotating H202. 

2. Method of calculation 

2.1. Trajectory calculations 

Calculations were carried out to investigate the in- 
fluence of rotation and initial normal- and OH local- 
mode overtone excitations on the cis+trans and 
trans+cis isomerizations and the unimolecular dis- 
sociation of HONO. The trajectories were calculated 
using methods that have been described previously 
[ 3 1. Initial vibrational energies were assigned to nor- 
mal and local (OH stretch) modes, and then rota- 
tional energy was assigned to the excited molecule. 
Ensembles of 50 trajectories were calculated for each 
set of initial conditions. 

The trajectories were numerically integrated in a 
lab-fixed Cartesian coordinate system by using a 
fourth-order Runge-Kutta-Gill routine with a fixed 
stepsize of 1.08x lo-l6 s. Integration accuracy was 
checked by varying the stepsize, energy and angular 
momentum conservation, and back integration. The 
total energy was conserved to within three decimal 
places. 

2.2. Initial conditions 

We considered initial conditions in which the local 
OH stretch mode or a normal mode was excited to an 
overtone state with and without molecular rotational 
energy. We have previously described how initial vi- 
brational energies are assigned [ 3 1. Briefly, initial 
values of the coordinates and momenta are assigned 
by assuming a separable normal- or local-mode Ham- 
iltonian. The Cartesian coordinates and momenta are 
then scaled to assure the desired total energy for the 
nonseparable Hamiltonian by using the method of 
Sloane and Hase [ 14 1. Spurious linear and angular 
momenta created during the vibrational excitation are 
removed by the scaling procedure. Rotation is as- 
signed to the molecule as described below. 

To assign the rotational energy the HONO mole- 
cule is initially positioned in a Cartesian coordinate 
frame with the molecular plane in the x-z plane and 
the torsional axis parallel to the z axis. The initial 
conditions are selected by assigning the rotational en- 
ergy and the orientation of the total angular momen- 
tum. Since the vibrational angular momentum is zero 
after the vibrational energy has been scaled, the ini- 
tial rotational energy can be written as 

where Pj is the magnitude of the total angular mo- 
mentum and I-’ is the inverse of the moment of in- 
ertia tensor about the axis of rotation. The axis of ro- 
tation is defined by the orientation of the total angular 
momentum. From eq. ( 1 ), the magnitude of the to- 
tal angular momentum is 

Pj=,/2ErII-’ . (2) 

The angular velocity can be written in matrix form as 

0=1-‘P- /’ (3) 

The velocity OX Ri due to rotation is then added to 
each atom, where Ri is the position vector of the ith 
atom. Because the vibrational angular momentum is 
zero, this procedure gives correct assignment of the 
rotational energy. The initial vibration-rotation in- 
teraction energy is zero. The total energy is the sum- 
mation of the vibrational energy and the rotational 
energy. The initial conditions are assigned such that 
the total, the vibrational, and the rotational energies 
are the same for each trajectory in a given ensemble. 
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2.3. Analysis of the trajectories 

We calculated the energy of the OH local stretch 
mode as a function of time for overtone excitations 
and computed rates of isomerization and dissocia- 
tion as functions of OH local and normal mode exci- 
tations. Product energy partitioning was calculated for 
the dissociation reaction. 

The energy transfer out of the OH stretch mode was 
computed as a function of time by assuming that it is 
a separable mode. We used the approximation as pre- 
viously described [ 3 1. 

In the calculations of the rates of isomerization it 
was assumed that isomerization had occurred when 
the dihedral angle crossed the top of the torsional 
barrier ( 8 5 a relative to 0 ’ for the cis equilibrium ge- 
ometry). The trajectory time up to this crossing was 
taken to be the lifetime of the conformer. However, 
to check for immediate recrossings of the barrier, the 
trajectory was followed until the equilibrium value of 
the other conformation was reached. The values of 
the rate constant were computed from the slopes of 
the first-order decay curves obtained from the com- 
puted lifetimes. 

Dissociation was assumed to have occurred when 
R-R, for the N-O distance exceeded 5 au. The life- 
time of the dissociating molecule was taken to be the 
time up to the last inner turning-point in the N-O 
motion. The rates of dissociation were computed by 
assuming first-order decay. 

We also calculated the product energies for the 
HONO-, HO + NO decomposition. The total energy 
of a diatomic molecule can be expressed approxi- 
mately as 

E=E, +E, +E, , (4) 

where E,, E, and E, are translational, rotational, and 
vibrational energies of the product diatomic mole- 
cules, respectively. 

Since the translational motion is separable from the 
internal energies, the final translational energies of the 
products can be computed exactly, 

E, = (m, +mz)i2/2, (5) 

where m, and mz are the atomic masses of the two 
atoms and d is the relative velocity. The rotational 
and the vibrational energies of the product diatomic 

molecules can be computed only approximately be- 
cause of the vibration-rotation interactions. The ro- 
tational energy is given approximately by 

E,=L2/2&, (6) 

where L is the angular momentum of the diatomic 
molecule, p is the reduced mass of the diatomic mol- 
ecule, and r, is the equilibrium separation of the two 
atoms. The angular momentum L can be computed 
rigorously: 

L=prxi, (7) 

where r is the separation vector of the two atoms. The 
rotational quantum number can be determined by 
solving 

J(J+ 1)fi2=LZ ) (8) 

and rounding to the nearest integer. 
The vibrational energy of the product molecules is 

approximately 

E,=E-El-E,, (9) 

where E, and E, are obtained from eqs. ( 5 ) and ( 6 ) . 
The total energy of the diatomic molecule is rigor- 

ously computed from 

E=m,i:/2+mzi:/2+V(r), (10) 

where i, and i2 are the velocities of the two atoms, 
and V(r) is the potential energy, given by the Morse 
function, of the product diatomic molecule. The vi- 
brational quantum numbers of the product mole- 
cules are computed by solving 

EV=w,(v+l/2)-o,~(u+1/2)2, (11) 

where w, is the harmonic frequency and w& is the 
anharmonic parameter for the diatomic molecules 
calculated from the Morse potential parameters. The 
value of v obtained from eq. ( 11) is rounded to the 
nearest integer. 

2.4. Potential-energy surfaces 

We constructed a global, analytical potential-en- 
ergy surface for HONO that describes the cis-trans 
conversion and the dissociation to OH + NO. 

The first step in the formulation of the surface is to 
obtain accurate valence force field potentials for the 
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cis and tram equilibrium geometries. To do this, we 
employed the ab initio information of Darsey and 
Thompson [ 15 ] and Murto et al. [ 16 1. These ab in- 
itio results were calculated at the 4-3 1 G level. They 
provide two sets of force constants, one for the cis 
geometry and the other for the trans. The nondi- 
agonal terms of the harmonic force constants were 
not included since they can cause diffkulties in the 
dynamics calculations. The diagonal force constants 
were scaled by using the method of Pulay et al. [ 171. 
The ab initio force constants are reduced by 

F’ =C’/‘FCI/’ , (12) 

where F is the ab initio calculated force constant ma- 
trix, F’ is the reduced force constant matrix, and C is 
the diagonal matrix of scale factors (given in table 
1). The resealing of the force constants resulted in a 
better fit to the experimental normal mode frequen- 
cies than we obtained with the potential used in our 

previous calculation [ 3 1. The calculated and experi- 
mental normal mode frequencies are given in table 2. 

The form of the potential-energy surface is the same 
as used previously [ 3 ] 

v= v* + v, + vt . (13) 

The bond stretches are represented by the Morse 
potential, 

K=C ~,;{(l.0-exP[-~,(Ri-R,i)l)2}, (14) 

the bends by quadratic functions, 

Vb=c Kj(e,-ep)2 (15) 

and the torsion by a truncated Fourier cosine series, 

Vt=C UiCOS(i@) , (16) 

where Ri are bond lengths, 0, are bending angles, and 
@ is the dihedral angle. 

Switching functions are used to smoothly vary the 

Table I 
Potential parameters 

Morse potential 

bond 0, (ev) 

N-O 4.99 
O-N 1.77 
O-H 3.42 

Bending potential 

rC (au) 

cis 

2.225 
2.603 
1.823 

trans 

2.204 
2.645 
1.803 

(Y (au-‘) 

cis 

1.39 
1.13 
1.29 

tram 

1.46 
1.11 
1.36 

angle 0 (deg) K(mdynA) 

cis trans cis trans 

ON0 113.94 111.38 0.966 0.866 
HON 111.61 107.89 0.419 0.373 

stretch-bend switching function 
A= 1.5313681 x IO-‘A-~, B=4.6696246 A 

Fourier coeffkzients (mdyn A) for HONO torsion 
a,=0.033758, a, =0.003993, a*= -0.030790, ag= -0.001768, a.,= -0.000824, a5= -0.000089 

Scale factors for cis- and trans-HONO 

N-O ON HO ON0 HON torsion angle 

cis 0.743 0.61 I 0.801 0.735 0.862 0.953 
trans 0.766 0.613 0.810 0.678 0.781 0.953 
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Experimental and calculated (for anharmonic potentials) normal-mode frequencies (in cm- ’ ) for HONO 

v,(OH) uz(N=O) v3(HON) vq(O-N) v,(ONO) vg (torsion ) 

tram 

experiment [ 151 
present talc. 

previous talc. [ 31 

cis 

experiment [ 151 

present talc. 

previous talc. [ 31 

3591 1700 1263 790 596 544 

3591 1700 1263 845 541 537 

3594 1748 1295 908 566 559 

3426 1641 1302 852 609 640 

3426 1641 1302 909 540 648 

3451 1706 1273 808 575 680 

potential and geometry parameters as the molecule 
dissociates or isomerizes (and to attenuate the bend- 
ing force constants as functions of bond extensions, 
as discussed below). The switching to account for the 
changes with dihedral angle $ is of the form, 

x=xFis + Cx?rans -xFas)sO > (17) 

where X is R,, O,, and (Y, and the superscript 0 indi- 
cates the equilibrium value. The values of the disso- 
ciation energies DC, are given in ref. [ 3 1. The values 
of CX, were calculated from the scaled harmonic force 
constants and the dissociation energies: 

(x,=JF,I2D,. (18) 

The torsional switching function is arbitrarily taken 
to be 

&=OS( 1 -cos@) . (19) 

The bending force constants are attenuated using 
switching functions that depend on the internuclear 
distances of the bonds, i and j, that define the bond 
angles, k, 

K/t =S,,S,,[K:,s+ (KPrans-K~d~,l . (20) 

The bending force constants attenuate smoothly with 
increasing bond lengths and with the transition be- 
tween the cis and trans conformations. The switching 
function is the one suggested by Wolf et al. [ 18 ] 

S,.,=l-tanh[A(R,-R,,)(R,-B)‘], (21) 

where A= 1.5313681 x lo-’ AP9, B=4.6696246 A, 
and R,, is defined by eq. ( 14). 

The Fourier coefficients of the torsional potential 
go to zero as the N-O bond breaks, 

a, =apSm, . (22) 

The dissociation energies of OH and N-O bonds are 
smoothly changed from their values in HONO to the 
values appropriate for the isolated diatomics as the 
N-O bond breaks, 

D, = Dproduct + (D, - &oduct )&,, . (23) 

The D, are the dissociation energies of the N=O and 
OH bonds in molecular HONO (4.99 and 3.42 eV, 
respectively) [ 3 1. The geometries and potential pa- 
rameter values for the OH and NO were obtained 
from ref. [ 191. The potential parameters are given in 
table 1. 

3. Results and discussion 

We have used classical trajectories to investigate the 
influence of initial normal- and OH stretch local- 
mode overtone excitations on IVR, cis-trans conver- 
sions, and dissociation in rotating and nonrotating 
HONO. 

3.1. C&tram isomerization 

The initial rates of cis-+trans and trans+cis iso- 
merization were computed at a total energy of 1.7 eV 
for various initial distributions of the energy and for 
both rotating and nonrotating HONO. The results are 
given in tables 3 and 4. Six different kinds of initial 
excitations of normal modes were investigated: an 
“even” distribution of energy among the modes and 
overtone excitations of v,(OH), v~(N=O), 
vj ( HON ) , uq (O-N) and u5 (ON0 ) . In all cases the 
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Table 3 
Computed isomerization rate coefftcients for nonrotating 
HONO =’ 

Initial distribution k (ps-‘) 

~l.rZ.~1,~4. a51 V6 cis-trans trans-cis 

1, 2, 3, 4, 5,O 0.50 0.05 
3, 0, 0, 0, 0,O 0.25 0.02 
0, 6, 0, 0, 0.0 0.10 0.05 
0, 0, 8, 0, 0,O 1.81 0.14 
0, 0, 0, 10, 0,o 0.21 0.07 
0, 0, 0. 0,16,0 0.26 0.10 

” Ensembles of 50 trajectories were computed for each distribu- 
tion. The total energy is scaled to I .7 eV. 

Table 4 
Computed isomerization rate coefftcients for rotating trans- 
HONO ” 

Energies (eV ) h, k (Ps-‘) 

& E, E, (Xl=) c, 

1.70 0.00 1.70 0.05 
I .66 0.04 1.70 (001) 0.30 
1.70 0.04 1.74 (001) 0.34 
1.70 0.04 1.74 (111) 0.28 
1.70 0.04 1.74 (100) 0.03 
1.70 0.20 1.90 (111) 0.58 

” The vibrational energy is initially distributed “evenly” among 
the OH, N-O, HON, ON, and ON0 normal modes with only 
zero-point energy initially in the torsional mode. Ensembles of 
50 trajectories were computed for each case. 

h’ E “7 E,, and E, are vibrational energy, rotational energy, and 
total energy, respectively. 

‘) (xyz) indicates the projections of the total angular momen- 
tum on the X, y, and z axes. 

torsional (“reaction coordinate”) mode ug was as- 
signed only zero-point energy. 

We will discuss the results for the nonrotating case 
first and compare them with the results of an earlier 
calculation on a simpler potential energy surface [ 3 1. 
The computed initial rates of isomerization in non- 
rotating HONO for various initial conditions inves- 
tigated are given in table 3. There are several inter- 
esting points to be noted in these results. One is that 
the rates for the cis-HONO conversion are signiti- 
cantly faster than those for the trans-HONO even 
though the energy barriers for the two processes dif- 
fer by only about 2 15 cm-‘. Also, the results show 

significant mode specificity. The rates for both pro- 
cesses depend strongly on the initial site of the exci- 
tation energy. The first entry in the table is for the 
“equipartitioning” of the energy among the normal 
modes except for the torsion. These initial conditions 
are obtained by taking a quantum number for each 
normal mode that corresponds to approximately one- 
fifth of the excitation energy. The rate for the 
cis+trans transition is 0.50 ps-’ compared to 0.05 
ps-’ for the trans+cis. This order of magnitude dif- 
ference in the rates for the two processes is also seen 
for initial conditions in which the energy is placed in 
the V, (OH ) and v3 (HON ) normal modes. The rate 
for the cis+trans isomerization rate is two to three 
times greater than the trans+cis rate for preferential 
partitioning of the energy initially in the other nor- 
mal modes. 

We recently reported the results of trajectory cal- 
culations [ 31 for the same initial conditions as those 
in table 3, but for a potential-energy surface that is 
much simpler than the one used here. That potential 
is composed of Morse functions for stretches, har- 
monic bending potentials, and a truncated cosine se- 
ries for the torsion, and does not include any inter- 
action or attenuation terms as does the present 
potential. It is interesting to compare the earlier re- 
sults for the potential without any coupling terms (see 
table 6, ref. [ 3 ] ) with the results obtained here using 
the much more realistic potential described in sec- 
tion 2. For some initial conditions, the results for the 
two potentials are essentially the same. In the case 
where the results differ they do so by no more than 
about a factor of two. This suggests that the isomeri- 
zation processes are determined almost totally by the 
kinetic coupling, and that potential coupling has very 
little effect. We have recently reported some studies 
of isomerization in methyl nitrite in which we found 
the same large difference in the rates for the cis+trans 
and the trans+cis processes [ 41. 

Another important point to note concerning the re- 
sults in table 3 is that there is significant mode spe- 
cific behavior shown in both the cis-+trans and 
trans+cis rates, as we discussed for the similar re- 
sults we obtained in our earlier study [ 31. In the 
cis+trans case, except for excitation of the HON 
normal mode, the rates for the various initial energy 
distributions are smaller (ranging from 0.1 ps- ’ for 
v2 (N=O) excitation to 0.26 ps- ’ for V~ (ONO) exci- 
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tation) than for the initial “equal” distribution of the 
total energy, for which the rate is 0.5 ps- ’ The rate 
for overtone excitation of the HON normal mode is 
significantly faster than for other excitations, in fact, 
it gives a rate almost an order of magnitude greater 
than excitation of any other single mode. Similar be- 
havior is present in the results for the trans-cis con- 
version (see table 3 ). 

We also investigated the influence of rotation on 
the isomerization rates by assigning various initial 
total rotational energies and various partitionings of 
that energy among the three directions of rotation. 
We chose to do these studies for initial conditions in 
which the vibrational energy was initially “evenly” 
distributed among the normal modes in trans-HONO. 
The initial conditions are assigned by either fixing the 
total energy and partitioning that energy between vi- 
bration and rotation or by fixing the vibrational en- 

ergy and increasing the total energy by adding rota- 
tional energy. The orientation of the rotational 
angular momentum is assigned in three ways: the an- 
gular momentum is perpendicular to the torsional axis 
(J,#O, J,,=J,=O); the angular momentum is paral- 
lel to the torsional axis (J,#O, J,=J,=O); or the an- 
gular momentum is equally distributed in the x, y, 
and z directions (J,=J,,=J,). 

The computed rate constants for isomerization of 
rotating trans-HONO are given in table 4. The total 
initial energy (E,) is the summation of the rotational 
energy (E,.) and the vibrational energy (E, ). Rates 
were calculated at three total energies ( 1.70, 1.74 and 
1.90 eV) and for three rotational energies (0.0, 0.04 
and 0.20 eV). The isomerization rate is strongly de- 
pendent on the orientation of the angular momen- 
tum. This is illustrated by the results in table 4 for 
E, = 1.74 eV. The difference in the three calculations 
given in the table is only in the direction cosines de- 
fining the directions of the rotational motion. When 
all the rotation is about the the z axis, which is along 
the N-O bond, (001 ), the rate is 0.34 ps-‘, while the 
rate is an order of magnitude smaller (0.03 ps-’ ) 
when the same amount of rotational energy is placed 
in a direction perpendicular to the N-O bond. When 
the same amount of rotational energy (0.04 eV) is 
equally distributed in the three directions ( 11 1 ), the 
rate is 0.28 ps- ’ - about the same as for (00 1). Thus, 
the isomerization rate is enhanced by about an order 
of magnitude when the molecule rotates about the axis 

of internal rotation. If the rotational energy is re- 
moved (see the first entry in table 4), the rate is in- 
creased a little over the rate for initial conditions in 
which the rotation is about the x axis even though the 
total energy is decreased (from 1.74 to 1.70 eV). The 
rotational orientational effects are further illustrated 
by comparing the computed rates at E, = 1.70 eV (first 
two rows of table 4). There is about a factor of six 
increase in the isomerization rate when 0.04 eV of 
rotational energy is placed in the direction about the 
torsional mode (00 1) rather than in vibration. 

Finally, we note one other point about the results 
in table 4. The total amount of rotation does not af- 
fect the rates as much as does the orientation of the 
angular momentum. If we compare the rates com- 
puted by distributing the rotational energy (0.04 and 
0.20 eV) equally in the x, y, and z directions, ( 1 1 1 ), 
we find that there is only about a factor of two in- 
crease in the rate even though the rotational energy is 
increased by a factor of five (note that the total en- 
ergy increases from 1.74 to 1.90 eV in these two 
calculations ) . 

Molecular rotation obviously opens new channels 
for the intramolecular vibrational energy transfer. 
These results indicate that there is an increase in the 
energy transfer from the other vibrational modes to 
the torsion due to coupling between the torsion and 
rotation parallel to the torsional motion. The fact that 
there is no enhancement of the rate coefficient of the 
isomerization when molecular rotation is perpendic- 
ular to the torsional axis suggests that the coupling 
between the “perpendicular” rotation and the tor- 
sion is very small. 

3.2. Intramolecular vibrational energy redistribution 

We also investigated the influence of rotation on 
the relaxation of the second overtone of the OH local 
stretch mode for both cis- and trans-HONO. The v= 3 
OH stretch excitation energies are 1.40 and 1.38 eV 
for cis and trans, respectively. Zero-point energies 
were assigned to the other vibrational modes. The ro- 
tational energy was 0.04 eV in all of the calculations 
and the orientation of the total angular momentum 
was either perpendicular or parallel to the torsional 
axis. Ensembles of 20 trajectories were computed for 
each case. 

Figs. 1 and 2 show the OH local mode energy as a 
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function of time (up to about 5.5 ps) for tram- and 
cis-HONO, respectively. The energy flows out of the 
excited OH stretch at a much greater rate in the cis 
than in the trans. We discussed this in our earlier pa- 
per [ 31 on a trajectory study of nonrotating HONO 
in which a very simplistic potential-energy surface 
that included no couplings was used. Figs. la and 2a 
show the OH energy as a function of time for v= 3 in 
nonrotating HONO obtained in the present study us- 
ing the potential described in section 2. The results 
are similar to those reported earlier [ 3 1. The com- 
parison with the results in ref. [ 3 ] with those in figs. 
la and 2a indicates that the energy transfer is not 
strongly dependent on potential coupling. Our main 
interest here, however, is to explore the influence of 
rotation on the energy transfer. We have done this by 
adding rotation (0.04 eV) in either the direction per- 
pendicular to the torsional axis or parallel to it. When 
the rotational motion is perpendicular to the tor- 
sional motion, which is about the N-O bond, there is 
essentially no effect on the flow of energy from the 
OH stretch local mode as seen by comparing the plots 
in frames (a), no rotation, and (b), “perpendicular” 
rotation, in figs. 1 and 2, which are for trans and cis, 
respectively. However, there is a significant enhance- 
ment of the energy transfer out of the excited OH 
stretch when the rotational motion is parallel to the 
torsional motion as shown by the plots in figs. lc and 
2c (for trans and cis, respectively). 

The basic behavior of the energy transfer for the cis 
and trans (which we have already discussed in ref. 
[ 31) does not change when the rotational motion is 
included, however the rates are increased if the rota- 
tion is parallel to the torsion. The plots for energy 
transfer in trans-HONO in fig. 1 are approximately 
linear and those for cis-HONO in fig. 2 are approxi- 
mately exponential. The trajectories for the energy 
transfer study were integrated for a period of about 
5.5 ps. The OH energy in trans-HONO does not ap- 
pear to have reached an equilibrium value even when 
rotation is present, however, rotation parallel to the 
torsional motion in cis-HONO speeds up the energy 
transfer sufficiently that the relaxation appears to be 
complete in this time period - as illustrated by the 
“leveling off” of the results in fig. 2c. There is a strong 
enhancement in the case of trans (see fig. lc), but 
since relaxation in the trans is quite slow the relaxa- 
tion is still not complete on this timescale. 

It is clear from the results shown in figs. 1 and 2 
that rotation has a significant effect on intramolecu- 
lar vibrational relaxation, and that it does so through 
coupling with the torsional motion. 

3.3. Unimolecular dissociation 

We also investigated the influence of rotation on 
the overtone-induced dissociation of HONO. The 
dissociation energy of the ON bond is 1.72 eV. Our 
calculations are for 2.26 and 2.60 eV total energies, 
which correspond to the fourth and fifth overtones of 
the OH bond stretching mode (plus zero-point en- 
ergy of the normal modes). The method of initial ex- 
citation is the same as that used in the studies of iso- 
merization. Overtone excitations of v I (OH ) , 
vz(N=O), z+(HON), v,(ONO) and v,(torsion) were 
investigated. The N-O stretching normal mode, vq, 
was assigned only zero-point energy in all cases. 

The computed rate coefficients for dissociation of 
nonrotating HONO are given in table 5. Most of the 
calculations are for 2.26 eV. The results show that the 
rate coefficients are about the same for cis- and trans- 
HONO for comparable initial normal-mode over- 
tone excitations. This is not surprising since the ex- 
citation energy is much greater than the isomeriza- 
tion barrier. The timescale for dissociation is 
sufficiently long that the initial geometrical contigu- 
ration of the molecule has no effect on the rate. How- 
ever, the results show definite mode specificities for 
the dissociation rates. The lowest rates are obtained 
when the energy is initially localized in the OH, v,, 
or the N=O, vZ, stretching modes. The dissociation 
rates for these excitations are on the order of 0.1 ps- ‘. 

Table 5 
Computed dissociation rate coeffkients for nonrotating HONO ” 

Initial distribution E (ev) k (ps-‘) 

v,,v2,v3> &.VS> 06 cis trans 

6, 0, O,O, 0, 0 2.60 0.42 0.44 

5, 0, O,O, 0, 0 2.26 0.10 0.06 

0, 9, O,O, 0, 0 2.26 0.10 0.11 

0, 0, ll,O, 0, 0 2.26 0.20 0.2 I 

0, 0, O,O, 26, 0 2.26 6.94 5.34 

0, 0, o,o, 0,22 2.26 0.16 0.16 

a) Ensembles of 50 trajectories were computed for each distribu- 

tion. E is the total energy. 
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Exciting the HON mode gives a rate about twice that, 
and the excitation of the torsional mode gives rates 
that are intermediate between these two cases. The 
excitation of the ON0 normal mode gives the largest 
rate coefficients of dissociation. The rate coefficient 
for the excitation of the ON0 mode is about 30-70 
times larger than that of the excitations of the other 
modes. 

Dissociation occurs very rapidly in the case of ex- 
citation of the ON0 mode but rather slowly for exci- 
tations of the other modes. This is illustrated by the 
lifetime distributions plotted in fig. 3. Figs. 3a and 3b 
show the distribution of lifetimes for excitation of the 
ON0 mode at total energy 2.26 eV ( ug = 26) and for 
excitation of the OH mode at total energy 2.60 eV 
(v, = 6 ), respectively. In the case of initial excitation 
of the OH mode, even though the energy is higher, 
the dissociations occur more slowly than when the 
excitation energy is in the ON0 mode. Most disso- 
ciations occur within 0.5 ps when the excitation en- 
ergy is initially localized in the ON0 mode. While in 
the cases of excitation of the other modes, most dis- 
sociations occur within l-5 ps. Excitation of the ON0 
mode causes immediate dissociation while excita- 
tions of the other modes induce “slow” dissociation 
that has lifetime distributions that peak well above 
zero. This is simply a result of the ON0 bending mode 
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Fig. 3. Lifetime distributions for (a) excitation of the ON0 
bending mode to the v=26 (&,.,=2.26 eV) level and (b) exci- 
tation of the OH stretching mode to v=6 (&,,,,=2.60 eV). 

being more strongly coupled to the ON bond stretch- 
ing mode than are the other molecular modes. The 
strong coupling of the ON and ON0 modes is also 
evident in the power spectra of the two modes. We 
discussed the various couplings and presented power 
spectra in our previous study of HONO [ 3 1. 

We also investigated the influence of rotational en- 
ergy on the unimolecular dissociation of HONO. We 
studied the dissociation of cis-HONO with initial 
conditions corresponding to excitation of the fourth 
overtone of the OH-bond stretching local-mode. We 
computed the rate coefficients of the dissociation as 
a function of the rotational energy for two general 
cases: ( 1) fixed total energy and increasing rota- 
tional energy (with corresponding decreasing vibra- 
tional energy) and (2) fixed initial internal vibra- 
tional energy and increasing rotational energy (with 
corresponding increasing total energy). RRKM the- 
ory predicts that the rate coefficient of the dissocia- 
tion will decrease for case ( 1) and is enhanced for 
case (2). The orientation of the total angular mo- 
mentum were assigned such that the total angular 
momentum is either perpendicular or parallel to the 
ON bond, the reaction coordinate. 

Fig. 4 shows the variation of the dissociation rate 

R 
d I 

Fig. 4. Plots of the dissociation rate constant for 
HONO+OH+NO as a function of the rotational energy at fixed 
total energy equal to 2.26 eV. Variation of the microcanonical 
rate coeffkients of dissociation. The OH stretching mode is ini- 
tially excited‘to u=S and the other vibrational modes are as- 
signed zero-point energy. The circles and the diamonds represent 
the ( 100) and (001) orientations, respectively, for the rotational 
energy. 
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coefficient as a function of the rotational energy for 
the total energy fixed at 2.26 eV. The OH stretching 
mode is excited to the fourth overtone and the other 
modes have zero-point energies. The circles in fig. 4 
show the dissociation rate constants for angular mo- 
mentum in a direction perpendicular to the ON bond 
and the diamonds the rate constants for the angular 
momentum parallel to the ON bond. The rate coef- 
ficients for the case of rotation perpendicular to the 
ON bond (circles) are larger than those for rotation 
parallel (diamonds) to the ON bond for the same ro- 
tational and total energies. The dependence of the rate 
coefficients on the direction of rotational motion is 
due to the effects of the centrifugal force. For rota- 
tion about the axis perpendicular to the ON bond, 
the centrifugal force is along the ON bond and thus 
the effect of the rotational motion is to enhance the 
reaction. 

The results in fig. 4 are for fixed total energy and 
increasing rotational energy. The rates for both the 
parallel and perpendicular orientations of the angu- 
lar momentum tend to decrease as the rotational en- 
ergy increases (at the expense of the vibrational en- 
ergy since the total is fixed). An interesting feature of 
these results is the increase in the rate when a small 
amount of the energy is put into rotation rather than 
vibration. Note that the rate coefficient for the “per- 
pendicular” (circles in fig. 4) rotational motion with 
0.04 eV rotational energy is about twice that for the 
nonrotating case. There is also a similar, but much 
smaller increase in the rates for the case where the 
angular momentum is parallel to the NO bond (dia- 
monds, fig. 4). This shows that the rotation-vibra- 
tion interaction is stronger in the case of “perpendic- 
ular” rotation. Energy transfer from the excited OH 
bond to the ON bond (reaction coordinate) is in- 
creased by the rotation-vibration couplings. Inactive 
rotational energy and the centrifugal barrier effect 
cause a reduction in the rate coefficient with increas- 
ing rotational energy when the total is held constant. 
However, the results show that rotation-vibration 
interactions may lead to faster intramolecular energy 
transfer to the reaction coordinate when only a small 
amount of energy is placed in rotation rather than in 
vibration. In other words, rotation may enhance the 
rate coefficient if the rotation-vibration interaction 
effect is greater than the effects of the centrifugal bar- 
rier and the inactive rotational energy. This is what 

happens at 0.04 eV rotational energy, but as the ro- 
tational energy is increased to 0.1 eV and higher, the 
other effects dominate and the rate coefficient is 
decreased. 

Fig. 5 shows the variation of the rate coefficient as 
a function of the rotational energy when the initial 
vibrational energy is fixed at 2.26 eV, and the total 
energy increases with increasing rotational energy. 
The OH stretching mode is excited to v= 5 and the 
other modes are assigned zero-point energies. As in 
fig. 4, the circles and diamonds represent the results 
for the angular momentum perpendicular and paral- 
lel, respectively, to the N-O bond. The rate coeffi- 
cient generally increases with increasing rotational 
energy. The largest increase in the rate coefficient is 
between E,=O.O and 0.04 eV. For E,=O.O4 eV the 
values of the rate coefficients are twice what they are 
for the nonrotating case. The increase of the rate 
coefficient is due to increases in the active rotation- 
vibration coupling and the total energy. Again, “per- 
pendicular” rotation yields larger rate coefficients 
than does “parallel” rotation. 

We computed the average vibrational, rotational, 
and translational energies of the HO and NO pro- 
duced in the decomposition by using the method de- 
scribed in section 2.3 for the initial conditions in 
which the OH stretching local-mode is excited to U= 5 
and for various initial rotational energies. The en- 
semble averages and the corresponding vibrational 
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Fig. 5. Same as fig. 4, except that the initial vibrational energy is 
held fixed at 2.26 eV and the total energy increases with increas- 
ing rotational energy. 
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and rotational quantum numbers are given in table 
6. The results show that both the OH and the NO rad- 
icals are produced in their ground vibrational states. 
Excitation of the OH stretching local mode to v= 5 
corresponds to 1.74 eV above the ground state en- 
ergy. The other modes of the molecule are initially 
assigned ground-state energies. The dissociation en- 
ergy of the ON bond is 1.72 eV. Thus, the energy re- 
quired for dissociation corresponds to the excitation 
energy. Of course, classically some of the zero-point 
energy can be used to cause reaction. 

As the product energies given in table 6 show, both 
the OH and the NO products are formed in their 
ground vibrational states for all the initial conditions 
studied. The rotational energy of the OH product is 
in all cases greater than that of the NO product. There 
is a difference in the product rotation for the differ- 
ent initial orientations of the molecular rotation. 
Consider the results for the initial rotational energy 
greater than 0.1 eV. For the case of initial rotation 
“perpendicular” to the N-O bond, the product OH 
rotational energy is about twice that of the NO radi- 
cal, while for cases of “parallel” rotation the rota- 
tional energies of the two radicals are about the same. 
When the initial rotational energy is increased, the 
rotational energy of the NO radical is significantly in- 
creased, while the rotational energy of the OH prod- 

Table 6 
Product energy partitioning ‘) 

uct is essentially unaffected. The ratio of the transla- 
tional energy of the OH radical to that of the NO 
radical is about 1.7 to 1.8 for all cases in table 6. This 
corresponds to a velocity for the OH radical that is 
about 3.7 times larger than that for the NO radical. 

4. Summary aud conclusions 

In an earlier paper [ 3 1, we reported a quasiclassi- 
cal trajectory study of HONO in which we investi- 
gated the influence of the excitation site and initial 
geometry on the intramolecular vibrational redistri- 
bution and on the rates of cis+trans and trans-tcis 
conversions. That study showed that there are signif- 
icant differences in the rates for the cis+trans and 
trans+cis conversions even though the energy bar- 
riers for the two processes differ by only about 215 
cm- ‘. That study also showed that the rates for cis- 
trans conversions strongly depend on the initial lo- 
cation of the excitation energy. Those calculations 
were done using a simple potential-energy surface 
consisting of Morse stretches, harmonic bends, and a 
cosine series torsional potential. There were no inter- 
action terms in the potential. Therefore, it is clear that 
the effects observed in the calculations are due to ki- 
netic couplings. 

Initial energy DC”’ J E IO, ” E”ib E trans 

E 10, E ro, NO OH NO OH NO OH NO OH NO OH 

2.26 0.00 000 9 5 0.021 0.072 0 0 0.099 0.199 0.030 0.052 

2.26 0.04 100 12 5 0.034 0.080 0 0 0.094 0.162 0.037 0.066 

2.26 0.04 001 12 5 0.034 0.081 0 0 0.114 0.141 0.037 0.065 

2.26 0.10 100 14 6 0.05 1 0.116 0 0 0.060 0.175 0.035 0.063 
2.26 0.10 001 19 5 0.077 0.089 0 0 0.100 0.146 0.040 0.070 
2.26 0.20 100 14 5 0.044 0.084 0 0 0.093 0.123 0.039 0.070 
2.26 0.20 001 23 6 0.107 0.109 0 0 0.070 0.122 0.037 0.065 
2.36 0.10 100 15 6 0.058 0.104 0 0 0.136 0.158 0.043 0.075 
2.36 0.10 001 21 6 0.097 0.103 0 0 0.111 0.134 0.039 0.068 
2.66 0.40 100 20 5 0.089 0.083 0 0 0.173 0.288 0.07 1 0.126 
2.66 0.40 001 30 9 0.194 0.210 0 0 0.177 0.222 0.044 0.077 

“’ The ensemble averaged final energies and internal quantum states for the HONO-+OH+NO decomposition by initially exciting the 

OH mode to a= 5 for the cis-HONO with various initial rotational conditions. E,,, is the total energy; E,, is the initial rotational 

energy; DC is the direction cosine of the total angular momentum; J and v are the rotational and vibrational quantum numbers, 

respectively; Ev,,, is the vibrational energy; E,,., is the translational energy. 

h’ The torsional axis is parallel to the z axis. 
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For the present study, we have developed a more 

realistic potential than used in that first study in or- 
der to determine the influence of the potential on the 
conclusions of that study. We have included the de- 
composition reaction, HONO-+HO+NO, in the 

present study. We have also investigated the influ- 
ence of rotation on the IVR, cis-trans conversion, and 

dissociation in HONO. 
The results obtained in the trajectory calculations 

indicate strong mode-specific behavior, particularly 
for the isomerization. Excitations of overtones of the 

OH or N=O bond stretching modes yield the lowest 
rates for both isomerization and dissociation. Exci- 

tation of the HON bending mode yields the largest 
isomerization rates while excitation of the ON0 
bending mode yields the largest dissociation rate. The 

HON and ON0 bending modes play the key roles in 
unimolecular dynamics of nitrous acid. The energy 
transfer from the excited OH and N=O modes to the 

dissociation and isomerization reaction coordinates 

is through the bending modes. 
We also investigated the influence of rotation on 

the IVR, isomerization, and dissociation. For those 
initial conditions that give relatively low rates of iso- 

merization for nonrotating HONO, placing a small 

amount of rotational energy (0.04 eV) in the mole- 
cule causes a significant increase in the reaction rates. 

This is counter to what is expected on the basis of 

statistical theory. When the total energy of the system 
is held fixed, RRKM theory predicts that assigning 
energy to rotation rather than vibration will reduce 

the reaction rate. The observed increases of the rate 

coefficients are due to active rotation-vibration in- 

teractions, that is, the energy transfer from the ex- 
cited modes to the reaction coordinate is enhanced 

due to rotation-vibration couplings. When the rota- 
tional energy is greater than 0. I eV, the trajectory re- 

sults are in accord with the expected prediction of 

RRKM theory. Our trajectory results are in agree- 
ment with a similar trajectory study of HO* by Miller 
and Brown [ 201 and with the conclusions of a Monte- 
Carlo transition-state theory study by Viswanathan 
et al. [ 2 1 ] of CH4 dissociation. The orientation of 

the rotation is an important factor for the intramo- 
lecular energy transfer. Rotating the molecule along 
the torsional axis causes a significant increase of the 

rate of isomerization. Rotating the molecule perpen- 

dicular to the ON bond causes significant increases 
in the dissociation rates. 

The variation of the potential as the molecule dis- 
sociates or isomerizes is modelled by using switching 
functions. A switching function that varies with the 
torsional angle smoothly changes the potential and 
geometry as the molecule goes from one isomer to the 
other. Switching functions that depend on the disso- 
ciation coordinate (N-O bond) attenuate the bend- 
ing force constants, bond energies, etc. One of our in- 
terests in this study was to see if the general 
conclusions of our previous study are affected by 
changes in the potential-energy surface. We found that 
the isomerization rates computed with this more re- 
alistic potential are essentially the same as those 
computed with the potential that did not include tor- 
sional switching functions. This helps confirm that 
kinetic couplings are responsible for the main fea- 
tures of the intramolecular energy transfer that causes 
the isomerization. The use of the switching functions 
for the N-O bond extension significantly enhances 
the energy transfer from the excited modes to the ON 
bond stretching mode thus increasing the rate of dis- 
sociation. The computed dissociation rates on the 
potential with the switching functions are about an 
order of magnitude larger than those obtained on the 
potential without switching functions. However, the 
mode-selective excitation effects are the same for both 
potentials. The excitation of the ON0 bending mode 
yields the largest dissociation rates. 
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