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Using microwave detected, microwave-optical double resonance, we have measured the
homogeneous linewidths of individual rovibrational transitions in fetate of NH, NH,D,

NHD,, and ND;. We have used this excited state spectroscopic data to characterize the height of
the dissociation barrier and the mechanisms by which the molecule uses its excess vibrational and
rotational energies to help overcome this barrier. To interpret the observed vibronic widths, a one
dimensional, local mode potential has been developed along aD)-bbnd. These calculations
suggest the barrier height is roughly 2100 ¢mapproximately 1000 cit below theab initio
prediction. The observed vibronic dependence of levels containing two or more quarjasin
explained by a Fermi resonance between @d the N—HD) stretch. This interaction also explains

the observed trends due to isotopic substitution. The rotational enhancement of the predissociation
rates in the NH 2! level is dominated by Coriolis coupling while for the same level inND
centrifugal effects dominate. @995 American Institute of Physics.

I. INTRODUCTION plane deformation. The minimum barrier height remains a
controversial quantity. In the initiab initio study by Runau
Although the electronic excited states of most moleculest al, the barrier was predicted to lie 4600 cfabove the
are known to predissociate, the exact mechanisms of thegg state minimum while a more involved theoretical calcula-
processes remain largely undetermined. The difficulty intion that allowed theH—N—H angle to relax has predicted
modeling molecular predissociation is that the predissociathis barrier to lie at 3200 cit.* Semiclassical trajectories
tion is usually caused by a coupling of a bound excited elecpregict it lower by an additional 1200 ¢h.5 An accurate
tronic state to another electronic state in which the nucleagetermination of this barrier height is essential to correctly
motion Is not bound.The rate of dissociation depends upon yngerstand the predissociation mechanisms. Hence, its deter-
the properties of both electronic states, as well as the NnoNgsination was a primary goal of the present work.
diabatic coupling between them. In contrast, the rate of pre-  pacides the exhaustive theoretical off5t an exten-
dissociation of the ammonia state is determined by the rate sive experimental effort has also been directed toward

O.f crossing over, or tunneling thrpugh, a _sma_ll barrler_ on al:haracterizing the barrier height and predissociation
single potential energy surfad&Vhile a conical intersection mechanism&-22Due to the lack of rotational data as dis-

exists well beyond this barrier, this intersection effects onIyCusseOI in the previous paper, much of the current under-

the product state distribution and not the predissociation rate, : . .
. . . . Standing of the predissociation mechanisithas been ex-
Since knowledge of only a single electronic surface Stracted by interpreting the vibronic dependence of the

needed to understand the state predissociation, it repre- y P 9 P

. . Lpredissociation lifetimes. In particular, Vaida and
sents one of the most theoretically tractable chemical reac- 0 . .
tions. co-workerg® observed a single fourteen member progression

The nature of the barrier t& state dissociation is well " the ab_so_rptlon spectrum of Nrand NQ” n a seed(_ad_
understood. In an earlgb initio self-consistent field and SUPErsonic jet. Inhomogeneous broadening was sufficiently
configuration interaction study, tha state was shown to educed such that for each vibronic member of this progres-
result from excitation to the & molecular orbital(MO) sion, an average rowbr.anonal.p'r'ed|ssog|a.t|on rate was ex-
which continuously changed from a predominantly Ryd- j[racted. In agreement v_wth t@ initio predictions® for both
berg orbital at the equilibrium conformation to a hydrogen 1S0topomers, the predissociation rates were observed to be
atomic orbital at large IN—H separatiod.A small barrier slowest for the 2 level due to the strong dependence of the
exists along this coordinate due to the change from Rydberiamer height on out-of-plane deformation. Above this level
to antivalence character of this orbital as an N—H bond wador both species, the predissociation rate was observed to be
stretched. The magnitude of this barrier was also shown to b@nhanced greatly by increasing excitation. They postu-

a minimum for p|anar geometry and to increase with Out-of-lated that for these hlgher Iylng levels anharmonic interac-

tions were coupling energy from the bound bending coordi-
n h nboun i iation rdin h

dPresent address: Texas Instruments, 13536 N. Central Expy., MS 992, DaI—.a'[e to t e u bOU. d  dissociation ~ coordinate, t. L.JS'
las, TX 75243. circumventing the barrier. Due to the strong anharmonicity

Ypresent address: Energia, Inc., P. O. Box 1468, Princeton, NJ 08542.  of the A state potential, only a limited amount of information

J. GheMoRMYS-1821i2). 29 March 29932 53 42 00211 960R/A5(RVALISILY/S0-00se ~or-c iR Amerigan, nsiiute o RiNSISicper A783



4784 Henchk et al.: MODR of NH; isotopomers. I

about the barrier is likely to be revealed through the study osition frequencies measured by MODR for the higher lying
these higher lying levels. vibrational levels of the NK A state as well as for the
Deuterium substitution has been shown to reduce thésotopomerg! This technique has also enabled us to measure
predissociation rate ifA state ammonia substantially and the homogeneous linewidths for individually resolvég
particularly in the lowest few vibronic levet&:*62°Thus,  rovibronic transitions for the entire isotopomeric series. Our
determining predissociation lifetimes as a function of theobserved linewidths are considerably narrower than previous
number of hydrogens substituted should be a sensitive meseports>?*Thus, it was hoped that these results would enable
sure of the barrier height. This effect is attributed to theus to discern for the various isotopomers the vibrational and
slower tunneling rates of the deuterium compared to hydrorotational contributions to thA state predissociation mecha-
gen as well as slower tunneling rates due to the lower zerdlisms.
point energy of the N—D stretching modédf one neglects Assuming that stretching motions are more correctly de-
the interaction among the three equivalent NBHbands, scribed by a local mode coordinate system rather than a nor-
the dissociation rate would be the sum of tunneling rategnal mode one, a crude one-dimensional potential was de-
through the three equivalent barriers and each subsequegigned along an N-{D) internal bond coordinate. This
deuterium substitution would result in an approximate con{otential has been used to demonstrate that a 2-1 Fermi reso-
stant decrease in predissociation rate. Such an effect has beaance between, andv; quantitatively predicts the observed
observed in the\ state action spectra from photodissociationlinewidths for levels with more than one quantunuin. For
through the 2 level 2* At even greater excitation, coupling of the lowest two levels, predissociation could only occur
vibrational energy into the dissociation coordinate would beby tunneling through this barrier. To reproduce the observed
expected to enhance the dissociation rate, since it providesl@ewidths of the vibrationless levels in NHand ND;, the
mechanism to “go over the top” of the barrier. Such reso-barrier height was reduced roughly 1000 chrelative to the
nances will depend sensitively on the frequencies of the in@b initio value. This result agrees with the conclusion of
dividual modes involved such that a simple isotopic depenDixon”® who also has demonstrated that tad initio
dence would not be expected. The effect of any vibrationcalculation8 overestimate the barrier. The predissociation ef-

rotation interactions on the dissociation rate may also lead t§ciency was also shown to be weakly dependent upon rota-
a more complex isotopic dependence. tion. Surprisingly, this rotational dependence was found to be
Since the lowest two vibronic levels could only predis- isotope dependent. For the hydrogen containing isotopomers,
sociate by tunneling through this barrier, it was anticipatedhe rotational dependence was more adequately described by
that a better picture of the barrier would be revealed througloriolis forces coupling energy fromr, and into »; and
an understanding of the predissociation in the lowest fews. While for ND;, this rotational dependence obeyed the
vibronic levels. Hence, these levels have been probed by gentrifugal model. This difference arises from the fact that in
host of experimental techniques including absorptfbtwo ~ NH3 one quantum of, added to the N—H zero-point energy
photon fluorescence excitatié2PFB,*2 and rotational reso- is isoenergetic with scattering states above the barrier to dis-
nance Raman excitation profilé@RRER.2° This work has sociatior_l while for N this energy _stiI.I lies bglow_ the top of
established a weak predissociation dependence on rotatiorf@€ barrier. Thus, for NB, the Coriolis contribution to the
level. This rotational dependence has been quantitatively figrédissociation rate is reduced such that tunneling remains
to a model incorporating a centrifugal modification to the e dominant predissociation pathway.
barrier height?2°However, the much stronger rotational de-
pendence observed in the RRREP’s could have also bedh EXPERIMENT
described by Coriolis force?!>5.These two different mecha- The recording and ana|ysi5 of the MODR and RFODR
nisms could not be distinguished since the results of thesgata was described in the previous paper and will not be
experiments represent an average increase amokgslb-  repeated here. The linewidths obtained from such an analysis
levels such that distinguishing between the two differentare given in Tables I-IV. As suggested by Ziedfethe ob-
mechanisms is difficult. served widths were fit to,
Fully rotationally resolved spectra have been recorded
by optical—optical double resonance methdésHowever, [=Toxexplg[I(I+1)—K?]+TcK?}, @)
these experiments were not able to establish a significantherel is the observed width; is a determined constant
predissociation dependence on rotational level. It should béor a given vibronic bandI'g reflects the enhancement by
noted that one step of this double resonance scheme involvestation in the plane of the molecule, adg: that of the
a multiphoton excitation that might be expected to distort theenhancement due to rotation about the symmetry axis. For
observed line shapes. Thus, due to the experimental uncehe asymmetric top species? ks replaced b)(Jﬁ)/hz, cal-
tainty of the determined linewidths in these experiments, aulated from the fitted rotational constants. In these fits, the
weak predissociation dependence on rotational level mighdbserved widths were weighted by the reciprocal of the
have been masked. squared uncertainty predicted by the line shape fit. Results
Microwave detected, microwave-optical double reso-are given in Table V. Because the microwave probe transi-
nance has recently been used to probe the dynamics in thiens areQ branch lines of the inversion band, our data is
NH; A state £ band!’ The rotational dependence observedprimarily for high K lines. For the mixed isotopomer data,
in this level was again quantitatively fit using the centrifugalwe were not able to determine the rotational dependence of
model?® In the previous paper, we reported the-X tran-  the widths due to the limited number of transitions observed
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TABLE I. Linewidths of the NH A<—X state MODR transitions. TABLE I. (Continued)
Transition HWHM (cm™ 1) 1o Transition HWHM (cm™?) 1o
2° band Q¢(6) 46.91 0.33
Q:(2) 16.83 0.06 Qs(7) 48.53 0.22
Rx(2) 19.38 0.21 Q:(7) 44.54 0.24
Qs(3 17.90 0.05 Qs(8) 45.41 0.61
R3(3) 19.37 0.22
Q44 18.81 0.11
Q4(5) 18.11 0.25 _ .
R4(5) 24.20 3.60 in these molecules. For the asymmetric tops, the ground state
Qs(5) 19.19 0.13 Q branch is widely spread, reducing the number of strong
Rs(5) 25.98 0.99 transitions in the region covered by our microwave equip-
Qe(6) 19.48 0.08
Rs(6) 33.31 1.52 ment.
6 . .
Pg(7) 16.27 157
Qs(7) 20.79 0.14 IIl. DISCUSSION
Re(7) 26.48 1.37 N _
Q,(7) 21.04 0.14 A. Empirical local mode potential surface
87((?) ﬁf'z,g é‘?? The A state absorption spectrum has been modeled as a
R:(S) 26.03 235 two symmetric mode probleff One quantum of stretching
Qo(9) 22.74 0.44 excitation contains more energy than needed to overcome the
) barrier along a single N—H bond, yet the normal mode
1 zlé’ggd 0.07 coordinate is still strongly bound. The dissociation reaction
32(1)) 14.82 015 coordinate is a mixture of, and the two components of the
1 . .
P2(3) 12.73 0.16
Q2(3) 15.39 0.05 o
R2(3) 15.99 0.08 TABLE II. Linewidths of the NBD A<X state MODR transitions.
Q33 15.07 0.02
R33(3) 15.48 0.09 Transition HWHM (cm™1) 1o
P,(5) 13.88 0.33 >
2” band
Q2(5) 15.56 0.45
R,(5) 17.24 027 303313 17.46 0.10
P4(5) 13.64 0.14 =313 17.46 0.10
Q4(5) 19.65 0.16 41— 404 17.41 0.10
R4(5) 16.35 0.06 S14—40s 17.41 0.10
Q4(5) 14.75 043 515505 18.57 0.18
R4(5) 17.68 031 615—505 18.57 0.18
P4(6) 18.27 0.35 Bo6— 716 22.85 0.46
Q3(6) 12.10 081 T26— 116 22.85 0.46
R3(6) 16.75 008 To7—8417 18.97 0.18
P3(6) 18.98 054 87817 18.97 0.18
Qs(6) 11.09 0.54 97817 19.47 132
5 . .
Rs(6) 17.14 0.08 )
2* band
Re(7) 21.28 0.54
Q+(8) 17.93 0.15 315~ %03 11.74 0.04
4137303 12.27 0.26
Qs(8) 16.04 0.03 4 1991 oz
Rg(8) 20.10 0.79 Aoa— 4 . :
Pg(9) 46.17 6.61 Sos—414 12.21 0.14
Ry(9) 23.22 233 Sos— 515 12.43 0.09
Q8 9 14.64 0.09 65515 20.33 1.53
Ru(9 33.74 5.11 616726 10.35 111
o9 . ' T16— T 13.54 0.14
85— 7. 11.83 0.73
22 band 36 26
Q:(3) 22.08 0.27 N8y 11.64 0.94
R3(3) 26.02 136 81787 13.74 0.08
Q35(6) 20.00 0.16 957827 15.27 0.74
Rs(6) 21.92 4.07 22 band
3033 21.30 0.12
2% band 03913
Q) 42.37 0.58 43313 21.30 0.12
oxe 45.30 064 Ara—os 19,60 0.28
3 45.33 0.30 515 50 21.85 013
Q) 47.32 0.72 615505 21.85 0.13
Q3(4) 53.33 0.35 T26—T16 20.48 0.78
Q4(5) 48.36 0.23 Tor—=8y7 7.83 3.43
Q3(5) 49.66 0.53 887 21.62 0.40
Qz(G) 47.94 0.71 927817 42.11 7.39
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TABLE Ill. Linewidths of the NHD, A<X state MODR transitions. TABLE IV. Linewidths of the ND; A<X state MODR transitions.
Transition HWHM (cm™ 1) 1o Transition HWHM (cm™ 1) 1o
2° band 2° band
207212 10.24 0.11 Qs(3) 2.241 0.099
300215 11.12 0.35 Q.4 1.927 0.051
315303 9.41 0.17 Q4(5) 1.916 0.096
4533 6.58 0.83 Qx(5) 2.024 0.036
41455, 8.18 0.99 Q4(6) 1.946 0.075
514554 10.30 0.12 Qs(7) 1.364 0.114
634504 10.09 0.45 Q4(7) 2.085 0.038
Qs(8) 1.790 0.056
2! band Q,(8) 2.193 0.053
21— 207 6.45 0.04 Q4(8) 2.075 0.026
31520, 5.95 0.14 Q¢(9) 1.581 0.355
303313 6.29 0.05 Qq(9) 1.524 0.062
Ays—315 6.35 0.28 Q,(10) 1.887 0.070
4os—514 6.66 0.21
5o4—514 6.54 0.03 2! band
64514 7.13 0.10 Q;(1) 0.782 0.044
Q,(2) 0.781 0.030
22 band Qs(3) 0.664 0.016
207212 17.88 0.18 R:(3) 0.742 0.029
30215 17.88 0.18 Q4(4) 0.749 0.025
315303 18.98 0.28 Q44 0.765 0.008
415303 18.98 0.28 R.(4) 0.743 0.059
414554 18.99 0.09 Q3(5) 0.832 0.053
51454 18.99 0.09 Q4(5) 0.936 0.033
634504 18.99 0.09 Q4(6) 1.080 0.053
Q<(6) 1.050 0.036
Q4(6) 1.518 0.019
Q(7) 0.958 0.017
Q,(7) 1.049 0.014
antisymmetric N—H stretching modeg. This potential to- Qs(8) 1.344 0.021
X . . . Q,(8) 1.106 0.050
pology will lead to strong nonlinear interaction between the Qu(8) 1039 0012
v, andvg normal modes such that an initial state correspond- g9 1.540 0.137
ing to v, excitation will rapidly trifurcate into three equiva-  Q4(9) 1.923 0.127
lent wave packets corresponding to bond-breaking along Qs(9) 1.281 0.031
each of the three equivalent N<B) bonds. The depth of the ~ Q10 1611 0.029
. . Qq(11) 1.849 0.058
exit channels and the sharpness of the motion along the SYM4._ (11) 1593 0075
metric stretch should lead to little amplitude being reflected Qﬁ(lz) 1.598 0.058
back. Thus, one should expect only weak recurréfce. Qus(14) 1.534 0.086

In work on stable symmetric hydrides, such as the

ground state of ammonia, it has been established that one ca% @ 2; g‘;gd 0.010
treat the X—H stretching motion equivalently with either a Qz(4) 11,592 0328
local mode or normal mode basis. When the single bond g, 7.660 0.198
anharmonicity dominates over the bond—bond harmonic cou-Q;(5) 9.423 0.463
pling, the eigenstates are expected to be close to symmeRQs(5) 9.941 0.172
trized local mode states. Contrarily, when the harmonic cou- QG(? g'gig gégg
pling dominates over anharmonicity, the eigenstates aregjgsi 8.789 0221

closer to normal mode basis functions. For perfect harmonic (g 8.352 0.704
motion, the local mode and normal mode descriptions of the
fundamental levels are identical. For the ammoAistate,

however, the potential along a single N—H bond is highly
anharmonic. In fact, as will be shown below, the zero-point
level is the only resonance below the barrier. As a result,

excitation of one bond mode leads to dissociation in a singI%S a result. we have modeled the dissociation in terms of
vibrational period10 fs). The time required for exchange of three uncm;pled single bond modes

vibrational energy between the N—H bonds is longer by ap- Figure 1 shows a model potential we have used to fit the

proximately f,./f,.,, which based upon thab initio har- _ L L .
monic force field is predicted to be greater than 50. Thus’observed dissociation rate. The curve contains information

the A state of ammonia is the “ultimate” local mode mol- from the ab initio calculation$ as well as from the experi-
ecule, with bond—bond coupling negligible compared to théner!ta|2|37f measured information about the position of the
rate of dissociation if the N—H stretching modes are excitedbarrier™” These values are repeated below.
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TABLE V. Constants obtained from a fit of the observed rovibronic

linewidths to Equatior(1). 1000 -
V2 Iy I'g e
NH5 0 17.04) 0.0064) 0.00289) 800 -
1 14.63) 0.0072) 0.00045)
2 221) 0.021) —0.0052)
3 47(4) 0.0014) —-0.0012) a
g L
NH,D 0 17.09) 3
1 11.53) s
2 21(1) B
3
NHD, 0 101) £ ‘oor
1 6.43) = 7, X 500
2 17.75) i i
ND, 0 2.12) —0.004829) —0.001611) 200 |-
1 0.745) 0.005§31) 0.003§15)
2 7.78) 0.06511) —0.002147)
0 i I 1 l. I 1 |.| -------------

1000 2000 3000 4000 5000 6000 7000

fe 1.06 A Energy (em ')

Iy 1.32 A

AH 3200 cm t FIG. 2. Predicted Franck—Condon overlap for N—H from ground state wave
—1/R2 function. Upper state potential has a 3200 ¢rhigh barrier to dissociation.

fre (r<rp) 2.56x 1(())54cm71/§2 First excited state lies above the barrier and lies 2480catbove the zero-

fr(rp<r<R) —3.36x10°cm™ /A~ point level and has<1% of the peak height.

The curve consists of a pair of parabolas whose extrema and

curvature are based upon thb initio potential‘," but whose real eigenstatesﬁ(E) were calculated at each energy by nu-
barrier height can be adjusted. Beyond some large separgrerical integration and normalized such that
tion, R>r,, the potential was taken to be10 000 cm* JW(E)Y(E")dx=278(E—E’).

correlating with the energy difference of the B state and We begin our discussion with the barrier height picked to
the ground states of the photofragments, ,Nid H? The  agree with the most recenb initio prediction of 3200

cm 1.4 In order to mimic what we would expect far, ab-
sorption activity, we calculated the Franck—Condon overlap
of ¢(E) with a Gaussian picked to model the zero-point level
40000 |- of the ground electronic state. The resulting squared overlap
versus energy is presented in Figure 2. We observe a sharp
resonance at 1450 cm with a HWHM of 0.16 cm X, This
resonance corresponds to the zero-point level below the dis-
sociation barrier. If this represented the vibrationless level of
the A state, one predicts a homogeneous width of three times
this size since there are three equivalent hydrogen atoms that
could tunnel out; thus, the lifetime broadening will be three
times the lifetime broadening of each N—H bond. This pre-
diction is much smaller than the 17 chHWHM measured

10000 [- for the NH; origin.

While the features of our crude potential have a clear
physical interpretation, this potential overestimates the thick-
ol ness of the barrier relative to thab initio potential‘." As a
consistency check, using a spline interpolation, we numeri-
cally solved the one-dimensional Schroedinger equation for
this potential. Franck—Condon overlap with the ground state

T e A wave function resulted in a sharp resonance at 1460*cm
0.0 0.5 1.0 15 2.0 25 3.0 35 . . ~1: . . .

with a width of 0.73 cm ~ in qualitative agreement with the
results from our more crude approach. Thus, we justify our
. simple method and conclude that e initio calculation has
FIG. 1. Model one-dimensional energy surface of Mistate of ammonia o\ arestimated the barrier height. Dixon reached the same
along the dissociative N—H coordinate. Curve is composed of two parabolas . . . .
with positions and radius of curvature corresponding to the calculated vai€onclusion based upon his two-dimensional wave packet
ues. calculationg.

30000 -

20000

Energy (cm’™)

-10000 |-

r, (in angstroms)
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FIG. 3. Predicted Franck—Condon overlap for N-H from ground stater|G. 4. Predicted Franck—Condon overlap for N—D from ground state wave
wavefunction as a function of energy abolge. Upper state potential has a  function as a function of energy aboWe. Upper state potential has a 2075

2075 cm* high barrier to dissociation. The first excited state lies appoxi- cm~* high barrier to dissociation. The first excited state lies appoximately

mattily 2000 cm* above the zero-point level and is approximately 950 1700 cnv® above the zero-point level and is approximately 450 tnvide.
cm + wide.

s ND; zero-point level is predicted to have a homogeneous

In order to r_eproduc_e_ the observ_ed 17.'1 éT‘W'dth of linewidth of 0.48 cm * comparing favorably with the experi-
the NH; zero-point transition, the barrier height in our model mental measurement of 0.4 ci We calculate the N—D
potential was reduced to 2075 cfh Plott_ed In Figure 3 is second resonance to have a homogeneous linewidth of 1360
the Franck—Condon overlap as a function of energy abov%m_l and to lie about 2750 ciit aboveT. or about 1720
T, for this corrected potential. The zero- point level lies 1350 4 . ©
crerrl aboveT, and has a HWHM of 5.7 ¢ per hydrogen cm™ - above the zero point Iev_el. A broad feature was ob-
. € . . erved at 1790 ciit in the ND; dispersed fluorescence spec-
in good agreement with the experimental measuremenﬁum that has been assigned to tHeband. As for NH, we
Thus, in order to model the experimentally measured width ' '

of the NH, zero-point level, we need to lower th initio reasASIg?J;rrlllt?t;(asfaurceafgutlz(éoia?g .test the accuracy of this
barrier height by more than 1000 ci. g y

As shown in Fiaure 3. an extremelv broad uasireso_Iocal mode approximation is clearly desirable. Unfortunately,
gure o, y D q this calculation would require at a minimuaf initio calcu-
nance above the barrier is also present. Th|§ quasiresonange. - along the three stretching coordinates, and then a
represer!ts what may be. called one q.uantum n th_e .N_H loc Eree-dimensional wave packet propagation of the ground
.mode..E|genstates in this energy region have their inner turns'tate Gaussian on this potential. If such a calculation dra-
ng pm_ntsl .at bond Iength.s slightly less thag, and t_hus matically reduces the predicted resonance widths of the 1
have significant overlap with the ground state Gaussian. O%vel then we would withdraw our reassignment of the peaks
crude calculation predicts this resonance lies 3370 tm Ashfé)ld et al® assign to 1. However, since the basic vi
—1 _ . . . ) =

ggg\ée;;_(lzﬁggv;glh aBbeoglaeu;r;eozfe;:(S) S:)olgtjlsv\ﬁ‘ti; dt::S sak bronic and isotopic trends are predicted by this crude poten-

S ' . ' pea ial, we believe our empirical dissociation potential contains
absorption is expected to be small relative to the Zero-poink. " .« contial features of the true potential
level, making this level very difficult to detect. Ashfold P '

et al® have measured a 500 chwide resonance centered B. Predissociation dependence upon vibrational level
at 2300 cm® above the zero-point level that they have as-— : 1at P upon vibratl v

signed to 1 . As discussed in our previous paper, we have  The increasing dissociation rate with excitation above
reassigned this band tc?.4This level is very likely to be 2! suggests that anharmonic interactions are coupling two
strongly coupled to the N—H stretching modes through Fermguanta of vibrational energy out of the bending normal mode
coupling leading to the observed rapid dissociation rate. into one of the three N—{D) bond coordinates lying along
Using the same potential, we also calculated the Franck+the dissociation coordinaf8. The lowest order vibrational
Condon overlap for an N—D bond. Results from the calcula-coupling that could be responsible is a Fermi resonance be-
tion are presented in Figure 4. The zero-point level is foundween v, and v, caused by the,s term in an harmonic
at 1035 cm'* with a width of 0.16 cm* per deuterium. The approximation. We estimate the value of this coupling con-
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stant by assuming the molecule vibrates out-of-plane with
constant bond length. This approximation is justified by the
ab initio potential?

Classically, the above coupling leads to a forcing of the 0.010
stretching mode at two times the frequency of the bending
mode. If there is a 2:1 resonance of the harmonic frequen-
cies, one would expect an efficient transfer of energy inside 0.008
some resonance zone. The experimentally determined force
field given in the previous paper does not predict an exact o
resonancé’ but a small amount of average energy transfer " 0.008
would be expected due to nonresonant coupling. Further,
given the rapid dissociation of the N{B)) stretching modes,
their frequencies are poorly defined, making the resonance 0.004
condition much less restrictive. A 2:1 Fermi resonance im-
plies the transfer of two quanta im, into one quantum in
v4; anharmonic transfer of one quantumf is rigorously
symmetry forbidden. We see that this mechanism operates
only for levels containing two or more quantain and the
rapid increase in linewidth observed above tHelével is
predICted' .. . . 2000 I 30'00 I 40I00 I 50I00 I 6000

We use our empirical potential to estimate the expected
magnitude of the Fermi resonance. We use as a zero order
model, the coupling of two harmonic oscillators and by sec-
ond order perturbation theory, we find that the average vibraE!G. 5. The squared bend—stre_tch co'upling matrix eleme_nt for_the bend and
. . . . . the stretch versus the energy in a single N—H stretch including the zero-
tional energy in the stretching coordinate increases by afint energy.
amount given by,

2
<AES>=wS( k““S)

0.012

<H

0.002

0.000

Energy (cm™)

va(v,—1) (2vp+1)2

wave functions. Assuming the simplest resonance, Fermi

4@ (ws—2w )2+ >
S 2 s coupling between the bend and the stretch is predicted by
(vo+1)(vo+2) @ (V)= 3 mn(v2—2[h?|vo)(Eg+ AE,| (r —ro)|¥o)?,
(wst2wy)? | ©)
wheref,y, is the cubic bend stretch force constamtis the

wherew, is the stretching frequency is the bending fre-
qguency,v, is the number of quanta in the out-of-plane bend

and ky,,s is the coupling constant. Using the results from
2

out-of-plane bend internal coordinate, and
(Eg+AE,|(r—rg)| W) is the coupling matrix element.
| W) is the zero point resonance normalized to unity inside

Ziegler? the effect of the Fermi resonance on the transition : . . .
linewidth is the well and(Ey+ AE,| is a continuum function normalized
to 2wsinkr) in the asymptotic regionrérg). We use the
(AEg) harmonic approximation for the out-of-plane bend and val-
AT'=T ex;{ hawy | 3 ues forf, from our experimentally estimated force field to

1. , , determine the expectation value fof. This value was given
wherefw,=1063 cm - is the imaginary frequency at the

b
top of the barrier. Putting in values estimated from #ie y
initio force field gives an increase in energy that is far too  (vo—2|h?|v,)=7.614<10"3\vy(v,— 1)AZ. (6)
small to explain the observed vibrational dependence of th%iven in Figures 5 and 6 is the squared coupling matrix

widths. element as a function of the energy in the NBH bond.

In order to account for the highly anharmonic motion ¢ jecting the above expressions along with e initio
along the N—HID) stretching coordinates, we use our above, e forf ., of 2.66 aJ/&” allowed estimation of the pre-

estimate for this potential curve. States with two quanta ifyisociation rates and thus the expected transition linewidths.

the out-of-plane bending mode couple directly to scatteringrpege calculated values are presented in Table VI along with
states above the dissociation barrier. We use Fermi’s Goldegur measured values.

rule to estimate the contribution of the coupling to the dis-

L The predicted dissociation rates are about a factor of
sociation rate,

three too large for the 2levels, and increase too rapidly
A7 2m above that. Roughly, the isotopic dependence is correctly
kdiss:f? f(Vc>2, (4)  predicted. One explanation for the predicted dissociation be-
ing much faster than observed is that #i® initio value of
where(V¢) is the coupling matrixE is the energy relative to  f,,;, may be too large. Even more significant may be our
the bottom of the exit channel, and th& m/E factor arises neglect of the barrier dependence on out-of-plane angle. In-
due to the density of states and box normalization of thereasing the barrier height will reduce the coupling matrix

Downloaded-18-Mar-2002-to~128.112.83.42 Chemishisio 05 12 NS - p28 Mateh 3993 py right, ~see-http://ojps.aip.org/icpoljcper.jsp



4790 Henchk et al.: MODR of NH; isotopomers. |

including both Fermi resonance and the effect of barrier
changes with out-of-plane angle, requires two-dimensional
wave packet calculations that are beyond our computational
resources.

This resonance calculation does rationalize the larger
than expected dissociation rate for the NHBotopomer.
Even though there is great uncertainty as to the frequency of
the stretching levels, two quanta 0§ for NHD, would be
expected to be in closer resonance with the N-D stretch than
for two quanta in any of the other isotopomers, leading to an

0.008

0.006

o
A, 0.004
Iﬂ enhanced dissociation rate. Contrary to the mechanism con-
v trolling the dynamics in the tunneling region, this mechanism
predicts that the N—D bond dissociates faster than the N—H
0.002 bonds for these higher lying levels.
C. Predissociation dependence on rotational level
0.000

The predissociation dependence on rotational level can
T T T arise from two independent sources. In the first mechanism,
2000 3000 4000 5000 6000 as extensively discussed by Ashfatlal>'? and Ziegler®
Energy (cm™) rotation about either thie or ¢ axis will promote an N—KD)
bond lengthening resulting in an effective barrier reduction.
FIG. 6. The squared bend—stretch coupling matrix element for the bend ant! the second mechanisin axis rotation causes the mode
the stretch versus the energy in a single N-D stretch including the zeroto be coupled to the unbound; and v, modes through
point energy. Coriolis forces and, hence, increasing the probability of bar-
rier penetration. If centrifugal effects are the dominant
Source of rotational enhancement, the ratiobofo ¢ axis
Sfects should be constant with vibronic excitation. Contrar-

. o iy, the Coriolis coupling matrix elements would scale with
the dissociation rate. Consequently, we conclude that ou . s
v,. Hence, the two mechanisms can be distinguished by

overestimate of the Fermi contribution to the dissociation . : : .

. . measuring the ratio ob to ¢ axis effects as a function of
rate is caused by the neglect of the barrier dependence on
out-of-plane deformation. Proper treatment of this problem, 2

element among the zero-point level and the scattering stat
and decrease the predicted Fermi resonance contribution

We estimate this ratio allowing only centrifugal effects
to contribute. Assuming the dissociating@J atom lies on

TABLE VI. Linewidths calculated for 2:1 Fermi coupling between the out- the y axis, the effective pOtentlaI IS given by

of-plane bend and the stretching vibration. [J(I+1)— K2] K2
V(r)=Vy(r)+ , 7
v, I'(calg I'(obs (1) =Vo(r) 41,(r) 21,(r) @)
NH; where Vy(r) is the rotationless potential and
2 66.8 22 1/2J(J+1)—K?] andK? are the expectation values far
3 160.4 47

andz axis rotation respectively. Using tlad initio values for

4 244.1 & ro andr, at 1.055 A and 1.32 A, respectively, the rotational
correction to the barrier height is estimated to be
NH,D _
2 ) 70.0 o1 AV=1.25J(J+1)—-K?]+0.7K? (cm™?). (8)
3 1915 52 Thus, the centrifugal model predictBaaxis effect toC axis
g iéig ;g effect ratio of 1.75. We also note that for the centrifugal
' model this ratio is independent of the barrier shape and only
NHD, weakly dependent upon barrier position. For instance,,as
2 77.7 18 was varied fronr . to o0, this ratio only changed from 2 to 1.
3 207.5 36 From our NH, data, the ratio ob axis toc axis effects
g ‘31‘71‘31'(23 gg was found to be 221. for the zero-point level and 15:2.
' for the 2 level. We predict that centrifugal effects dominate
ND, in the vibrationless level while Coriolis forces dominate in
2 37.3 7.6 the 2 level. This change in dominant mechanism can be
3 98.5 explained utilizing our empirical N—H local mode potential.
g ;252 178 This potential predicts the zero point energy of an N—H bond
: ' mode to be 1350 cit while the barrier height was deter-
“Reference 30. mined to be 2075 cm'. The 2 level lying roughly 900
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cm ! above this level is expected to lie well above the bar-widths in the zero-point levels, the barrier height had to be

rier and therefore be Coriolis coupled to a manifold of con-lowered to 2075 cm*, about 1000 cm* below theab initio

tinuum states. prediction‘.1 Dissociation rates from the®2and 2 levels
Using a procedure similar to the one we used to estimatgould only proceed by tunneling through this barrier while

the magnitude of the Fermi resonance, we estimate the rotglissociation from the higher lying levels was described by a

tional dependence of the linewidths in the NBt level due  2:1 Fermi resonance of, directly to the manifold of

to Coriolis forces. In this case, the coupling matrix elementdN—H(D) continuum states lying above the barrier. This

are given by model also predicts that photdissociation of NHEhould
5 proceed primarily through the NHBD pathway.
(Vo)== 1 5VI0+ 1) —K2Z(QsPy— QuPs),  (9) Dissociation of the two lowest vibropic bands was fpund
2 to have a weak dependence upon rotation level. Rotationally

wherel ,, is the moment of inertia about the x axig, is the enhanced disgociation from the zerq-point level in t_)oth
stretch—bend Coriolis coupling constant which we set to itdVHs and ND; is caused by the lowering of the effective
ground state value of 0.75@ andQ,, are the normal mode barrier helght_ by c_en_trlfugal forces. The rotational (_anhgnce-
coordinates for the stretch and bend, @hdand P,, are the men@ of the d|_ssomat|on rate from .the I§JI2% level, which is
conjugate momenta to these normal coordinates. By substRredicted to lie above the potential barrier along the N-H
tuting Equation(9) into Equation(4), we can estimate the stretch, was dominated by perpendicular Coriolis coupling to
Coriolis enhancement to the predissociation rate and the exb® manifold of continuum states lying above the barrier. The

pected linewidth enhancement. The Coriolis contribution toS@Me level in NR lies below the barrier to dissociation and
the linewidth was calculated to be the rotational dependence of the dissociation rates still fits

the centrifugal modef?
[p=0.11J(J+1)—K?2]. (10

For the NH 2! level, this predicted value is in excellent
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