A I P I The Journal of )
Chemical Physics | /
Renher—TeIIer induced predissociation of HNO (A1 A "): Rotational-state ependeht

linewidths of quasibound states
Jan Weil} and Reinhard Schinke

Citation: The Journal of Chemical Physics 115, 3173 (2001); doi: 10.1063/1.1384456
View online: http://dx.doi.org/10.1063/1.1384456

View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/115/7?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Global ab initio potential energy surfaces for both the ground (X 1 A ') and excited (A 1 A'") electronic states
of HNO and vibrational states of the Renner-Teller A 1 A''—X 1 A’ system

J. Chem. Phys. 135, 104304 (2011); 10.1063/1.3632994

The electronic spectrum of the fluoroborane free radical. Il. Analysis of laser-induced fluorescence and single
vibronic level emission spectra
J. Chem. Phys. 130, 164310 (2009); 10.1063/1.3122031

Extremely narrow peaks in predissociation of sodium dimer due to rovibronic coupling
J. Chem. Phys. 121, 3527 (2004); 10.1063/1.1773171

Renner-Teller induced photodissociation of HCO in the first absorption band: Determination of linewidths for the
A 2 A "K=0,1 states by filter-diagonalization
J. Chem. Phys. 113, 4588 (2000); 10.1063/1.1288606

Wave packet investigation of the Renner—Teller-induced predissociation of DCO (A2 A ")
J. Chem. Phys. 106, 8938 (1997); 10.1063/1.473945

SUBSCRIBE TO



http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/327320036/x01/AIP-PT/JCP_ArticleDL_101514/PT_SubscriptionAd_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=Jan+Wei�&option1=author
http://scitation.aip.org/search?value1=Reinhard+Schinke&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.1384456
http://scitation.aip.org/content/aip/journal/jcp/115/7?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/135/10/10.1063/1.3632994?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/135/10/10.1063/1.3632994?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/130/16/10.1063/1.3122031?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/130/16/10.1063/1.3122031?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/121/8/10.1063/1.1773171?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/113/11/10.1063/1.1288606?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/113/11/10.1063/1.1288606?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/106/21/10.1063/1.473945?ver=pdfcov

JOURNAL OF CHEMICAL PHYSICS VOLUME 115, NUMBER 7 15 AUGUST 2001

Renner—Teller induced predissociation of HNO (A A”): Rotational-state
dependent linewidths of quasibound states

Jan Weil and Reinhard Schinke
Max-Planck-Institut fu Stromungsforschung, D-37073 @imgen, Germany

(Received 16 April 2001; accepted 17 May 2001

The predissociation dynamics in tie*A” electronic state of HNO is investigated. The quantum
mechanical dynamics calculations take into account the Renner—Teleglectronic Coriolig
coupling with the electronic ground stafé'A’, which appears to be the dominant decay
mechanism for the quasi-bound vibrational states in AH&\” upper state. All three internal
vibrational degrees of freedom are incorporated andaivmitio potential energy surfaces are used.
The linewidths,I", are directly calculated by the filter diagonalization method and an absorbing
optical potential in the exit channel. They are generally smalllcm 1) and increase with
excitation of the bending modéent-to-bent transitionOn averagel increases withk, thea-axis
rotational quantum number. However, for some vibrational states the linewidth shows a
non-monotonic behavior witk, which is the result of mixing with highly excited vibrational levels

in the continuum of the ground electronic state. This effect is even more striking, when the total
angular momentum quantum numideis varied: In some cases, the linewidth exhibits a pronounced
resonancelike behavior as functionbfThe agreement with recent experimental spectroscopic data
is satisfactory. The calculated linewidths are of the same dwdighin a factor of 2 or spas the
experimental ones. However, because the &lanitio potential energy surfaces do not reproduce
sufficiently well the X—A excitation energies, the resonancelike effects are not quantitatively
described. Potential energy surfaces with considerably higher accuracy are requir@d01©
American Institute of Physics[DOI: 10.1063/1.1384456

I. INTRODUCTION measured linewidths for a total of six vibronic states above
the HES)+NO(X 2II) dissociation threshold, including the
The predissociation dynamics of vibrational states in thepreviously studied1,0,1) state, and various quanta Kt In
A A" electronic state of HNO has been studied experimenaddition to the increase witk, it was observed that the
tally by several grougs® (see Ref. 7 for a thorough discus- widths for states with one quantum of bending excitation,
sion of the spectroscopy of HNO in th& state. Possible (1,0,) and (1,1,D, are larger than for the corresponding
sources for the predissociation mechanism are Renner—Tellstates(1,0,0 and (1,1,0 without bending excitation. These
(or electronic Coriolis coupling with the ground electronic experimental findings point to the Renner—Tell&T) cou-

state, X *A’, and spin—orbit coupling with the lowest triplet pling between theA A" quasibound states and the con-

state,a 3A”. o o o _ tinuum states of th&X A’ electronic ground state as the
The earliest investigation of lifetime broadening of an primary dissociation mechanism. At linear nuclear configu-

absorption line is that of Bancrofet al! conceming the  rarions theX and the state of HNO form the two compo-
(1,0,-(0,0,0 transmon.(lnlwhat follows, vy, V2, andv3. nents of a doubly degeneratestate(Fig. 1). RT coupling is

a.re.the numper of quanta in the H-N mode, i.e., Fhe dISSO[f)roportional toK and essentially confined to near linear ge-
ciation coordinate, the N—O mode, and the bending mode

tivel. Th ted imatelv | . ometries. As a consequence, the linewidths are expected not
respective ))._ €y reported an approximately finear IncreaseonIy to increase withkK but also withv; as excitation of the
in the linewidths from 0.3 cm' for transitions toK=1 to

0.7 it for transitions terminating aK—=4. In what fol- bending mode increases the probability of finding the mol-

- o ecule near the linear geometry. As surmised in Ref. 7 and
lows, K indicates the projection quantum number of the total__.. . ;
. . affirmed below by exact dynamics calculations, the observed
angular momentum on theeaxis, essentially the N—O bond.

: . strongJ dependence of for some of the rovibronic levels
Later, Freedmanperformed a more detailed and higher- > S . .
resolution study of the 1-0 sub-band of the same vibronid"'>¢% from tuning into resonance with particuesonance
transition. He observed a pronounckdependence with the States belonging to th& manifold, which ‘are more effi-
widths reaching a maximum dt=7. Moreover, for all val- ciently coupled to the continuum than the quasibound
ues ofJ considered the widths faK=0 were smaller than states.
for K>0 and showed the tendency to increase with In the present article we investigate the RT coupled

Recently, Pearsoret al®’ substantially extended the X1A’'—AlA” two-surface system in order to gain insight
analysis of lifetime broadening in the state of HNO. They about the predissociation mechanism of the vibrational-

0021-9606/2001/115(7)/3173/11/$18.00 3173 © 2001 American Institute of Physics



3174 J. Chem. Phys., Vol. 115, No. 7, 15 August 2001 J. Weil3 and R. Schinke

1.5 T T T T T nini et al® are quite similar to the ones used in the present
(a) work. In what follows, energy is measured with respect to
the H+NO(r.) asymptote, if not otherwise stated.
05 - H(2S) + NO(X21I) While the ground state PES has a well depth of 2.14 eV
%‘ with 215 bound states and no barrier to dissociafiBiy.
g .05 - 1(a)], the well of theA A" excited state is comparably flat
o (0.38 eV} and dissociation on this surface is hindered by a
0 ~ barrier of 0.50 eV. Thus, the only way by which the low-
XA . o = : . .
-15 | / y lying vibrational levels ofA can dissociate leads via the elec-
v tronic ground state. Both surfaces correlate with the same
o products, that is, ground state NOtII) and HES). The
'2'51.5 > 25 3 35 4 45 5 55 6 calculated  dissociation  energy ®is Dy(H-NO)
R [a.] =15211cm? and agrees well with all previouab initio
i5 . . o . . calculations’'2 However, it underestimates the experimen-

tal value®'* of 16450+ 10cm* by 1240cm?. Further-
more, the electronic origin of the transition between #e
and theX surface is measuréd® to be 13154 cm® while

the calculated value is 13985 ¢t As will be seen below,
these discrepancies in the dissociation and in the transition
energy complicate the quantitative comparison between ex-
periment and theory. Nevertheless, we believe that the calcu-
lated surfaces are useful for investigating the overall predis-
sociation mechanism of HNO in an adequate manner, despite

RT coupling region (b)

Energy [eV]

XA the fact that details are not satisfactorily reproduced.
RT coupling is a particular case of the breakdown of the
_25 1 1 1 1 1 1 _ . . . _
o 10 20 30 20 50 50 0 Born Oppenhe[mer approx'lmatlpfsee Refs. 16 2.1 for
general discussions and reviewt is the result of the inter-
¥ action between the two components of a degenerate elec-

_ _ - =1 _ tronic statg(I1,A,...). In our previous work on RT coupling in
FIG. 1. One-dimensional cuts through tKéA’ andA *A” potential energy

22-24
surfaces along the Jacobi dissociation coordifate) and the Jacobi bend- HCO, 5we Closelly follogged the ) approaches of
ing angley (b). The potential is minimized in the other two coordinates. Petrongolé® and Goldfieldet al?® The key is a transforma-

y=0 corresponds to linear HNO. The horizontal lineganindicate the two  tion from adiabatic electronic wave functions to diabatic
zero-point energies. ones, which—at linear geometries—are eigenfunctions of

I:Z, the projection of the electronic angular momentum on
rotational levels in the upper electronic state from a full dy-the body-fixedz-axis (the C—O bond in HCO or the NO
namics calculation. We will show that most of the experi-bond in HNQ. The corresponding eigenvalues are =1
mental results can be—at least qualitatively—explained irfor a I molecule(HCO) and =2 for a A molecule(HNO).
terms of this interaction mechanism. Spin—orbit coupling to ~ The Hamiltonian used in the present investigation for
the triplet state is not taken into account in our study. HNO is identical to the Hamiltonian employed in Ref. 24 for

The two potential energy surfacé®ES, the Hamil-  studying RT induced decay in HCO. The only difference is
tonian, and the numerical methods are briefly described ifhat A= =2 rather than+1 as for HCO. As a result, the
Sec. Il. The results and their relationship to the availablq;rojection quantunh associated with the nuclear angular mo-
experimental data are discussed in Secs. Ill and IV, respe¢nentum N, assumes the two values=K—\, with K
tlvely._We will focus th_e discussion 9(1) the_ row_bratlonal =0,...,) being the projection quantum number of the total
energies and the rotational constartii9, the linewidths and angular momentuntelectronic plus nuclearExcept for this

their dependence on the quantum numbersvy, vs, K. jigterence all equations are the same as in Sec. Il A of Ref.

andJ,dantdt(m) the_fmllglni W';h tthe;j.resongnce stgtes n the24. For subsequent discussions it is useful to recall that the
ground-state manitoid. short discussion and summarng.r coupling term in the Hamiltonian is proportional to

completes the article in Sec. V. an A o
P J,L,/sir? 5, wherel, is the projection of the total angular
Il. THEORY momentum on the pody-fixed a?<is. Thg dynamics cz_ilcula-
_ _ tions are performed in the Jacobi coordinates appropriate for
The three-dimensional PESs for the three lowest elecy+NO: R, the distance from H to the center-of-mass of NO,
tronic states—X *A’, A'A”, and@ ®A”—of HNO have been r, the NO bond distance, ang the angle betweeR andr
calculated byab initio methods? All relevant features of the with y=0 corresponding to linear HNO.
surfaces have been previously discussed in detail. Here, we The numerical methods, too, are equivalent to those em-
merely summarize the main characteristics of the RT couple@loyed for HCO?* All dynamics calculations are performed
X andA surfaces. The potential energy surfaces of Guadagasing the filter diagonalization methd:2° In a first step,
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TABLE I. Energies and rotational constariiis cm™) of the lowest 21 vibrational states in tAe'A” electronic

state =K=0).

(v1,v2,03) E (eV) E(cm™?) Eexpt (CM )2 A B C
(0,0,0 —0.02523 0.0° 0.0 21.41 1.31 1.23
(0,0,9 0.097 04 986.2 981.2 2272 1.30 1.22
(0,1,0 0.150 92 1420.8 1420.8 21.06 1.29 1.21
(0,02 0.22307 2002.6 1959.4 24.64 1.29 1.22
0.1, 0.27114 2390.3 2389.0 22.44 1.28 1.21
(0,20 0.320 96 2792.2 2801.5 20.26 1.29 1.21
(1,00 0.327 62 2845.9 2854.2 20.08 1.30 1.22
(0,03 0.349 49 3022.3 2932.2 27.09 1.29 1.21
01,2 0.395 80 3395.8 24.28 1.27 1.20
0.2, 0.439 58 3748.9 3795.6 21.88 1.28 1.20
(10,9 0.447 45 3812.4 3816.2 21.72 1.30 1.21
(0,09 0.47581 4041.1 30.37 1.28 1.21
(0,30 0.489 02 4147.7 4155.4 19.99 1.27 1.19
(11,0 0.501 38 4247.3 4267.7 19.57 1.29 1.20
013 0.52133 4408.3 26.69 1.27 1.20
022 0.562 56 4740.8 23.74 1.27 1.19
(1,02 0.57108 4809.5 21.58 1.30 1.20
(0,09 0.601 74 5056.8 34.89 1.27 1.21
039 0.605 39 5086.3 21.50 1.26 1.18
(2,0,0 0.609 04 5115.7 12.95 1.42 1.21
(11,9 0.619 00 5196.0 5211.4 20.40 1.28 1.20

aExperimental transition energies from Refs. 1 and 3.
PEnergies with respect to the-HNO(r,) asymptote.
“Transition energies with respect to tt®0,0 vibrational ground state.

optimally adapted basis function8window basis func- of Coriolis coupling between states with differéfiguantum
tions”) W, for a narrow energy range are generated by apnumbers’® In the CS approximation 35000 Chebychev itera-
plying the Green’s functior@*(Ei)z(Ei—I:|+iW)*1 as a tions are found to ensure convergence. Because the density

filtering operator onto an initial wave packgt of states roughly increases linearly with the number of
- K-blocks includedNy , the number of Chebychev iterations
Vi=ImG™(E)x. (1) required for convergence also scales With.

Here,iW represents a complex absorbing potenfiaf’ The

filtering is efficiently performed by exploiting the Chebychev |, resuLTs

polynomial expansion of the Green’s functigtt>3334n the y
subsequent step the spectral information in the narrow erA. Bound and quasibound states of HNO  (A)

ergy window [ Epin,Enad i extracted by diagonalizing the In Table | we list the calculated energies and rotational

Hamiltonian in the small set of basis function . _constants of the bound and quasibound states inAth&”
After many test calculations we have chosen the coordi-

nate ranges 14,<R<9.0a, with 80 potential-optimized electronic state. Quasibound states are states, whose energies
oints3 gl 6a <r\< 3\6& (\)/vith 30 potential-optimized are below the barrier in the HNO exit channel, including

POINS, ™ £.589=T'= .08 P P the zero-point energy of the two internal modeand y, but

points, and &= y=180" with 70 Gauss-Legendre quadratureabove the H-NO threshold. The dissociation threshold is

points® All points of the three dimensional grid with poten- g

tial energies larger than 1.8 eV are discarded. calculated as 0.118 eV, which means that all but the two

The absorbing potential enters the filtering procedure irlowest states are in the continuum. The numbers differ

! ici slightly from those given in Table IIl of Ref. 8. The reasons
form of a damping operator exp(y), whose explicit form on are the different numerical treatments in the two investiga-
a DVR-grid is given by?2%3437 ;

tions and the inclusion of the electronic angular momentum

Do R—Ryamp |2 in the present work, whereas this part of the kinetic energy

Al P _ 8 :

¥(R)= - O (R~ Rgamp - (2)  operator was neglected by Mordauettal® Assessing the
JVAH \ Rmnax— Rdam

agreement with the experimental transition enefgi@one
Here, AH and ® denote the spectral range of the Hamil- has to bear in mind, that the original PES had been slightly
tonian and the ordinary Heaviside step function, respectivelyscaled. The rotational constas B, andC have been cal-
The three adjustable parameters are the damping strengthilated from the expectation values of the inverse of the
Dy=0.03, the starting point for the absorbing potential, moments of inertid 5, |5, andl: as described in Ref. 8.
Ryamp= 6.530, and the end point of the grid in the dissocia- The agreement with the experimental transition energies
tion coordinateR,,,=9.0a,. is satisfactory, with the exception of the higher bending ex-
The majority of calculations are carried out in the so-citations(0,0,2 and(0,0,3. The reason for this shortcoming
called coupled statelCS) approximation, without inclusion may be the relatively large grid spacing of 20° in thke
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7 T . - fluence on the linewidth. The results for (@3)k-5, for
example, are only marginally different from those for
(0,0p3)k=5. In contrast to HNO, HCO is &ent-linear RT
system with the upper state being linear. Therefore, increas-
ing the bending quantum number in the excited state pushes
the molecule farther and farther away from the linear geom-
etry with the result that—on average—the linewidth de-
creases withy5.222439:40

Except forv;=3, the K-dependence is monotonic for
the particular vibrational states depicted in Fig. 2. That is,
however, not universally true, as discussed in what follows.

r [cm'1]

C. Variation of I' with K

The main part of the RT coupling is proportional kg
the quantum number for the projection of the total angular

1 2 3 4 5 momentum on the body-fixedtaxis, i.e., essentially the NO
_ axis. As a consequence, following perturbation theory it is
bending quantum number v, expected that the resonance width increases approximately

quadratically withK. In order to check this prediction we
performed calculations for nine different vibrational states in

theA state fork =J=1 through 5(Fig. 3. It is seen, that an
approximateK? dependence is obtained only for the states
initio calculation€ which may lead to a not sufficiently ac- (1,0,0, (0,2,1), and(1,0,1), whereas the other six states show
curate description of the PES in the bending coordinate. Tha much more complicated and unsystematic behavior.
two rotational constant8 andC differ only slightly and are The rather unpredictable variation bfwith K reflects
much smaller thard, i.e., HNO is approximately a prolate the influence of “resonance” effects between the quasibound
top. As expectedA increases strongly with excitation of the states in theA manifold, on one hand, and the resonance
bending mode and slightly dgcreases with excitat_ion of th&tates in theX ground state, on the other. The energy of a
H—N_stref[chmg mode; excitation of the NQ stretching mOdeproIate top changes with andK according to
has little influence omA. The agreement with the measured - .
rotational constantgTable | of Ref. 7 is reasonable; all E;k=Eoot BJ(J+1)+(A—B)K?, 3

trends with excitation of the various modes are reproduced.

For the subsequent discussion of linewidths it is important ta/vherte Bt's thedgf\;eragte_ o?hantd c. l|3e(;aus_e t?et rotat;]onal_
note, that theA rotational constant in the ground electronic constants are ditterent in the two electronic states, changing

tate i ticeabl ller than in tHeLA” state. F K or J alters the relative positions of the states in the two
state IS hoticeably smaller than in state. For €X- manifolds and therefore the interaction between them. The

ample, A=18.4cm* for (0,0,0 in the X state. On the other  energy variation withK is relatively large and therefore the
hand, the rotational constant8=1.40cm* and C  resonance effects between the two sets of resonance states
=1.30cm ! are slightly larger than their counterparts in the appear less systematic. The picture becomes much clearer
excited state. Thus, by varyirg andJ one can change the \yhenJ is changed for a fixed value of the€ quantum num-
positions of the vibrational states in tife state relative to per.
those in the ground state and thereby modify the mixing
between both manifolds and therefore the resonance width%. Variation of T with J
This effect is very important for HNO and is the main focus o
in the subsequent discussion. Since B is more than one order of magnitude smaller
than A, changingJ provides a more favorable means for
tuning the energy gap between states in the two electronic
states, and thereby the mixing, than variatiorkofin Fig. 4

HNO is a bent-bent RT system, i.e., both electronic we depictI’ as a function ofJ(J+1) for the same nine
states have a nonlinear equilibrium geometry. Thus, as th@ibrationed states as in F|g ¥ =3 in all cases. The RT
excitation of the bending mode increases in the excited stat@oupling element does not directly depend on the total angu-
the A-state wave function penetrates deeper and deeper intar momentum and therefore perturbation theory predicts that
the linear region, where the RT coupling is strongest. As ahe linewidth should be approximately independentJof
consequence, the coupling to the ground state and therefo&uch a behavior, however, is only seen for the highest vibra-
the linewidth I" strongly increases withv; (Fig. 2. The tional states in Fig. 4. The lower vibrational states, especially
widths forv;<1 and all values oK shown in Fig. 2 are (0,1,0 and (0,1,1), show a pronounced resonancelike
very small: The wave functions have very little overlap with behavior.
the coupling region near linearity. Incidentally we note, that  The maxima arise through the mixing with particular
excitation of the NO stretching mode has only marginal in-resonance states belonging to the ground electronic state, as

FIG. 2. Linewidths for the pure bending states (0 . In each caséd is
identical toK.

B. Variation of I' with bending excitation
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illustrated in more detail in Fig. 5 fof0,1,1) andK=3. In  “bright” state (0,1,1) with the perturbing or “dark” state,
the main part of the figure we sholwversusJ(J+1). There  which, because there is no assignment, we will call
are two peaks, a smaller one nekr11 and a more pro- (vq,v,,v3)x. Important to note is that, although
nounced one aroundi=21. The following discussion is fo- (v;,v,,v3)x has no clear-cut assignment, it can be recog-
cused on the latter maximum. Because of the RT couplingiized asJ] varies, i.e., its identity is unambiguous. The per-
between the two states each wave function has tweurbing state is highly excited in the NO stretching mode;
components—one belonging to the upper stgfe, and one  however, the bending mode is certainly excited, too. The
being associated with the ground stagg, The amplitude of  wave function of the perturbing state fd= 21 is also shown
the latter reflects the coupling to the continuum of the groundn Fig. 6. It has also two contributions, a large one with a
state. For off-resonance conditions, i.e., wiikeis far away  nonassignable nodal structure equivalentug,{,,v3)x and
from the main maximum in Fig. S/ is comparably small 5 smaller one with a cled©0,1,]) structure associated with
and has no apparent nodal structure. Changdingpes not o state.
signifjcantly modify the coupling to the coqtinuum ‘,""ﬁd The inset of Fig. 5 shows the linewidths for the “bright”
remains almost constant. However, wH8rL, 1) is tuned N0 and the “dark” state as functions of the energy mismatch,
resonance Wlth_ a part_lcular ground-state I_evel_, whlch stlt_:ks E=E(. .. 09— E(uw1). First, the dark state is below the
out” of the continuum in that its wave function is localized in preny A = )
the well region and its width is comparatively smaity bright one @de is negative. Sinc® of the ground state is
gradually takes on the shape of this particular state; basicalljarger thanB in the excited state, the two vibrational states
it becomes localized in the potential well of the lower state.approach each other and arouhd21 more or less coalesce.
This is illustrated in the upper two panels of Fig. 6 showingFinally, they separate again on the higtside of the reso-
for J=21 theX andA contributions of thg0,1,]) state, i.e., nance maximum. Because the resonance width for
the “bright state.” Although the nodal structure afy is  (v1,v2,03)x iS much larger than the width for state,1,),
complicated and although an assignment is not appaggnt, the latter is drastically increased wheévE~0. In accord
for J~21 is structurally different fromjy for off-resonance with this behavior, the width of the dark state shows a shal-
conditions. low dip at J=21. The half-width of the maximum is
The change of the wave function across a resonancelike- 12 cni t and thus comparable to the linewidth of the dark
peak reflects the gradual tuning-in and tuning-out of thestate.
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The breadth of the resonancelike structure in Fig. 5 ishe perturbing state is only 2—3 ¢ the width of the
comparably large, approximately 12¢h A considerably maximum around=12 is of the same order.
narrower structure is depicted in Fig. 7 for stafel,0 and In order to fully understand the mixing of resonance
K=2. The general mechanism is exactly the same as destates belonging to different electronic manifolds, it is impor-
scribed above fo(0,1,1). In this case, however, the width of tant to recall some salient features of the resonance spectrum
of the ground electronic stafé.Up to about 75% of the

dissociation energy all bound states can be unambiguously
assigned. However, as energy increases the wave functions

14 T T T T T T
2° ' rapidly become more and more mixed and lose their clear
12 5 e 1L O1) nodal pattern. No continuum state was found with a clear-cut
Lo \ 1 assignment. The states belonging to the pure NO stretching
_ . 1] \ progression can be followed best to high energies, i.e., they
‘-‘E 08 | N e ,"/ ‘\i . retain their identity longest as the energy increases. The de-
S 20 0 o 10 2 20 gree of irregularity of the resonance states is, however, not so
L oer aE [em] . N 1 large that a change of the angular momentum frbro J
VY R e N - | +1 in the Hamiltonian markedly changes the appearance of
- S T the wave functions. Otherwise, it would not be possible to
02| - . identify the perturbing state f@0,1,1) and the corresponding
. . . . . . resonance width would show a more irregular structure as
% 100 200 300 400 500 600 function of J.

J(J+1) The calculated resonance widths I+ 0, shown in Fig.
8, fluctuate greatly from state to state. Only states with

FIG. 5. The linewidth of stat¢0,1,)) as a function ofJ(J+1) for K=3. widths smaller than 30 cit are depicted; there are many

The inset shows the width as function of the energy mismatéh, between i ; ; _
the “bright” state (0,1,1) and the “perturbing” state belonging to the ground faddltlonal resonances. with Iarger WIdthS.. Gen_erally sp_eak
electronic state. The width of the “bright” state is multiplied by 7.5. See the Ing, th(_a smaller the widths the_ more localized, i.e., confmed
text for more details. to the inner part of the potential well are the corresponding
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FIG. 8. Calculated widths for the resonance states belonging to the ground
7 electronic stateX. The total angular momentum i$=0. The threshold

energy is 0.118 eV.
FIG. 6. Upper row: The two wave function contributiogg (left-hand side
and ¢4 (right-hand sidg for state(0,1,1). Lower row: The same as in the
upper row, but for the perturbing state(,v,,v3)x . Shown is the modulus ~ . . .
of the wave function. The ordinate is the NO stretching coordinate and thélarrowerX-state resonances at higher energies may explain,

abscissae is the bending angle. The numbers indicate the probabilities Wiwhy the widths for the higheﬁ—state vibrational states in
which the two parts contribute to the total wave function. The angular mo-Fig 4 have a smoother behavior as a functiord of
mentum guantum numbers afe=3 andJ=21. ' . ; ’
a The location of the resonancelike structures ondtfaad
K axes depends sensitively on the positions of the levels in

wave functions. The larger the widths the more excited is théhe A state relative to the states in the ground state manifold.
dissociation mode and the farther the wave function stretcheBecause the PESs used in the present investigation do not
towards the exit channel. The states with the smallest ratd3ave the required accuracy, it cannot be expected to repro-
have substantial excitation in the NO stretching coordinateduce the resonance structures observed in the spectroscopy
The states with the very large widths, let us shy e€xperimentin a quantitative manner. Nevertheless, the agree-
>30cm ! or so, form the “continuum” of the ground elec- ment between our calculated linewidths and the observed
tronic state. Because of Franck—Condon arguments, only thenes is satisfying, except for the resonance structures.

states with the smaller widths are believed to perturb the

states of theA manifold: The states with high excitation in |v. COMPARISON WITH EXPERIMENTAL LINEWIDTHS

the dissociation mode naturally have small overlap with the i . ) )
. . ~ . In this section we compare our theoretical results with
low-excitation states in thé electronic state. The two ex-

i ; 6,7 i vibra.
amples discussed in Figs. 5—7 are prototypes. The missing 6?9 linewidths measu rled by Pearsenal.”" for six vibra
tional states of HNO& “A").

A. (1,0,1)
0.5 T T T T T T

The (1,0,)) state not only was the first one, for which
predissociation had been detected, but it also is the level, for
which most measurements have been perforhfedhe first
experimental estimate came from Bancretfal ! who found
. that the linewidth approximately increases linearly with
from 0.3cm?* for K=1 to 0.7cm? for K=4. The corre-
sponding calculated resultsbtained in the CS approxima-
tion) are 0.06, 0.20, 0.35, and 0.56 chfor K=1-4. The
general trend is well reproduced, but our widths are some-
T what smaller than the measured ones. The newer measure-
ments of Freedmdn and Pearsonetal®’ suggest a

r[ cm'1]

- J-averaged value of 0.1cm for K=1 which is in better
600 accord with our calculation.
J(J+1) The detailed]-dependence of the width fd¢=1 is il-

FIG. 7. The linewidth of staté0,1.0 function 08(J+ 1) for K=2 lustrated in Fig. 9. The measured widths of Pearsoal. for

. 7. The linewidth of stat€0,1,0 as a function olJ(J+1) for K=2. _ ; g ; —(_1\J+1 _
The inset shows the width as function of the energy mismat&h, between the f p;\rlty [parlt.y IS glven by? ( 1) ] show a reso

the “bright” state (0,1,0 and the “perturbing” state belonging to the ground nancelike behavior W't_h a maximum m:_7- The_ results of
electronic state. The width of the “bright” state is multiplied by 4.5. Freedman show a similar trend, but a slightly higher value of
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FIG. 9. Comparison of calculate@losed symbolsand measuredopen
squares, Ref.)7linewidths for vibrational statél,0,1) andK=1. The parity
is given bye andf. For comparison, also the theoretical widths Kor0

J(J+1)

FIG. 10. Comparison of calculatedilled squares and measuredopen
squareswidths for vibrational stat€1,0,0 andK=5.

are shown. See the text for more details.

0.11cnr? for larged quantum numbers. The corresponding and therefore vanishes fé¢=0. Transitions to the ground
theoretical widths for thé-parity are of the same size except Stat€ thus can occur only via mixing wikh>0 states caused

for the maximum around= 7. These calculations for a defi- by Coriolis coupling as h_as b%ﬁm discussed in detail for
nite parity are performed with Coriolis coupling taken into HCO: for example, by Weilgt al.™ As a consequence, the
account by including, in addition t§=1, alsok =0 and 2. K =0 widths are considerably smaller than e 1 widths.

In this case, the CS approximation, which does not discrimi- N€ results for1,0,) show an almost linear deptzandence on
(J+1), which has to be compared toJ4(J+1)? depen-

nate different parity states, is not sufficiently accurate; the!

CS width is almost independent afand noticeably smaller dence for HCQFig. 4 in Ref. 24. HNO is bent in the upper
than the more exact resulf0.06cm® for J=1 and St&te and therefore Coriolis inducedlK==*1 transitions

0.055 cnit for J=13). without changing the vibrational structure are possible. The
For completeness we also calculated the widths for thSituation is different for HCO, where the upper state is linear.
e-parity block[P=(—1)’]. K states fromK=1 to 3 are For a linear molecule symmetry requires that the bending
included in the calculationsk =0 does not exist for the duantum number is evefedd for odd (even K quantum
e-parity. Taking into account a fourti state does not no- numbers. Therefore, MK = = 1 transition requires to change
ticeably alter the width. Unfortunately, linewidths for the the vibrational structure and is therefore much less probable
e-parity block could not be measured—only the line pOSi_than aAK==*2 transition, which does not necessitate a

tions up toJ=11 have been determined. In Table Il we com- change Olf/‘Z’B' Since Coriolis coupling is proportional to
pare the theoretical and the experimental energy differencds(J+1)1™% the linewidth depends linearly a¥{J+1) for
between successive oddlevels. (The evenJ values have HNO and quadratically for HCO.
not been calculatedThe agreement is very good showing
that the rotational structure of HNO in the excited state is
well described by the calculations.

For comparison we show in Fig. 9 also the results for
K=0. They are generally smaller than tke=1 widths. The
RT coupling term in the Hamiltonian is proportional ko

B. (1,0,0) and (0,2,0)

The measured linewidths for statd,0,0 and K=5
show a pronounced resonancelike peaklat7 (Fig. 10.
The corresponding calculated width does not exhibit any
strong variation with]. However, the average experimental
value is well reproduced. This is another example where our
calculations are on the average in satisfactory agreement

TABLE Il. Comparison of calculated and measured energy differefinoes
cm™ 1) between successiwengerade Jlevels of statg(1,0,1) for K=1 and

party e. with the measurement except for the resonance structure,

J Acatc, Ayt which depends sensitively on the relative positions of vibra-
tional states in the upper and the lower electronic states.

1 12.74 13.1¢ _ 7

3 2326 23 41 In the case 0f0,2,0 K=5 Pearsoret al.” were able to

5 33.76 33.80 measure decay widths only for three valueslof7, 9, and

7 44.27 44.21 10. They reported an average Lorentzian width of 0.104

9 54.87 53.64 +0.012 cmi ! with no pronounced variation with. The cal-

1 65.54

%L, —E, with 3’ =J+2.
bFrom Table IX of Ref. 7.

culated width smoothly decreases from 0.20¢rfor J=5
to 0.125cm*? for J=25. Thus, the calculated width repro-
duces the experimental one within a factor of 2 or so.
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102 : . . . . TABLE Ill. Comparison of calculated and measured linewidtimscm™2)
for the vibrational stat¢1,1,1) andK=0 and 1.
J=1,K=1 o
10" F J=0,k=0 K=0 K=1
5 J 1—‘calc. l—‘expt. 1—‘calc. l—‘expt.
10° |
— 02 5 0.014 0.038 0.059 0.052
't o1 o 8 0.018 0.030 0.069 0.086
S w0 o 008 10 0.027 0.045 0.076 0.090
- o " ’j
010 ..© Y6
102 ko~ 002 ;?100 %From Table VI of Ref. 7.
y
3 020 . .
10 K=4-6. Fork=4 the decay width smoothly increases to
- R 0.133cm? for J=16 with the tendency to reach a slightly
10* oz ”(')'3 0‘4 o8 06 higher asymptotic value for larger states. In the calcula-
EleV] tions we obtain a value of 0.17 cthalmost independent of
J. ForK=5 and 6 only weakl dependencies were observed
FIG. 11. Comparison of the linewidths for the vibrational states iniAa” in the experiment with average widths of 0.156_*énﬁor K
electronic state fod=K =0 (filled circles andJ=K=1 (open circles =5 and 0.169 cm* for K=6. The calculated widths, too,

show only a weak]J dependence. However, the average
widths, ~0.44cm? and ~0.30cm?, are by factors of
roughly 3 and 2, too large. Neither the measured nor the
C.(03,0), (1,1,0), and (1,1.1) calculated rates show th€’ dependence expected from per-
Pearsonet al.” have also measured linewidths for the turbation theory.
states(0,3,0, (1,1,0, and(1,1,1). Calculations fod=0, i.e., Finally, we consider stat€l,1,1) for which widths have
without any RT coupling to thX state show that these states been measured fd¢=0 and 1. Pearsost al.” reported av-
already dissociate with appreciable probability on the uppe@rage linewidths of 0.038 cm for K=0 and 0.075 ci" for
electronic PES as illustrated in Fig. 11. Comparing the K=1. If state(1,1,1) were above the dissociation barrier, a
=0 calculations with those fod=K=1 definitely proves much larger width would be expected because of the direct
that all states belo0,3,0 primarily dissociate via RT cou- €Xxcitation of the dissociation modsee Fig. 11 The small
pling. However, the contribution of RT coupling is much width of less than a tenth of a crhclearly proves that this
weaker for all states abové®,3,0, with the exception of state is below the dissociation barrier and that the barrier of
states with large excitation of the bending mode IiRel,3 our original PES is too small. Because of the smallness of
and (0,0,5, for example. The latter are not excited in the the widths it is mandatory to include Coriolis coupling. In all
dissociation coordinate and therefore have relatively smaialculations theK-blocks K=1-2 are taken into account.
widths forJ=0. Switching on Coriolis coupling significantly The results fod=5, 8, and 10 are listed and compared with
increases their widths. the experimental data in Table Ill. In view of the smallness
State(1,1,)) is already 0.117 eV above the barrier and of the widths the agreement is quite good, especiallyKfor
has a linewidth of 2 cm® for J=0, which, as we will see =1.Inthe calculations, staté,1,]) is well below the barrier
below, is much too large compared to the experimen’[aand the main route for dissociation is undoubtedly via the
width. This indicates that the dissociation barrier of our PESground electronic state.
is too small. In order to correct this shortcoming we artifi- ~ The experimental widths foK=0 are considerably
cially increased the barrier by 0.3 eV by adding a Gaussiagmaller than analogous widths for HCO. For example, the
barrier. This modification ensures that the stat@s,0, K=0 width for (0,9,0 in HCO is larger than 0.2 cntt (in
(1,1,0, and(1,1,1 primarily dissociation via RT coupling to the upper state of HCQuz is the bending quantum
the ground states rather than on the excited state. The imumber.*” In Ref. 24 we argued that this relatively large
crease by 0.3 eV is not the result of extensive test calculavalue forK=0 is primarily due to the spin—orbit coupling
tions and comparisons with the experimental data. It igvith the ground electronic state rather than RT coupling; the
merely a rough guess. The decay rates of the lower states agtectronic states involved are doublet states for HCO. The
not significantly altered by this modification. corresponding states for HNO are singlet states and spin—
For (0,3,0 the only available linewidth is 0.069 orbit coupling is absent.
+0.011 cm ! for J=K=6. Our calculations with the artifi-
cially modified PES yield a smoothly decreasing functiony, piscussiON AND SUMMARY
with 0.296cmi* for J=6 and 0.092 cm! for J=20. The
decrease by a factor of 3 indicates that in the calculations We have presented a detailed theoretical investigation of
strong mixing with a quasibound state in tfe state is the predissociation of HNO in tha A" electronic state by
present for small values & The value for larged quantum  mMeans of quantum mechanical dynamics calculations includ-
numbers, far away from the resonance, agrees reasonalilyg the RT coupling to the ground electronic stXtéA’. The
well with the experimental value of 0.069 ¢t two corresponding potential energy surfaces had been previ-
For state(1,1,0 Pearsoret al.” measured linewidths for ously determined byab initio electronic structure calcula-
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tions. All three degrees of freedom have been taken into Resonance induced variations of resonance widths have
account. The resonance widths of the quasibound states haatso been observed in other polyatomic molecules, for ex-
been calculated by the filter diagonalization method and ample the dissociation of HOCI in its ground electronic
complex absorbing potential in the exit channel. state?®*8 Monitoring the decay width for vibrational state
The focus of our investigation was the vibrational and(6,0,0 (v, is the HO vibrational quantum numbexs a func-
rotational state dependence of the line widtk., resonance tion of J shows several fluctuations, which qualitatively can
width) T and the comparison df with available experimen- be explained in an analogous way as described for the HNO
tal data, primarily those of Pearsat al.” The agreement predissociation. In an adiabatic picture, in which the fast HO
with the measured widths is generally good: The averagénode is decoupled from the other two modes, the unimo-
theoretical width reproduces the average experimental widttecular dissociation of HOCI can be viewed as a multistate
within a factor of 2 or so—for many vibrational rotational problem. The mixing then occurs between states belonging
states. This indicates, that, first, the calculated potential erto different v;-manifolds, rather than different electronic
ergy surfaces are realistic, and second, that Renner—Tenngliates. Since the density of states is much higher for HOCI
coupling is the primary predissociation mechanism. than for HNO, the resonance effects have a more unsystem-
Finer details, i.e., resonance effects due to mixing withatic appearance.
long-lived quasibound states belonging to the ground vibra- Resonances between resonance states are common fea-
tional state are not quantitatively reproduced. Resonance ifitres in molecular physics and deserve a more thorough the-
duced maxima in thd dependence df do exist, but not for ~ oretical investigation.
the right J values. These discrepancies are not surprising
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