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Elementary Reactions / M o d e  Specific Chemistry 
Mode specific resonance decay is demonstrated directly by Fast Fourier Transform (FFT) time propagation of resonance wave packets for an ABA 
molecule modeled by coupled Morse oscillators. Fast and slow decay correlates with local and hyperspherical modes which have their wave 
function lobes directed towards dissociation exits and ridges of the potential, respectively, in excellent analogy to Hose and Taylor’s analysis of the 
HCnon-Heiles system. The decay shows no correlation with energy or symmetry, The FFT method yields details of the decay mechanism. The 

results are related to observations of mode specific unimolecular processes in bulk. 

1. Introduction 

Mode specific unimolecular processes have been observed 
experimentally and studied theoretically for several molecules 
(for lists of - 50 references, see refs. [ 1, 21). For example, pre- 
dissociation of H: yields lifetimes varying by - 2  orders of 
magnitude depending on the selection of specific resonances 
out of - 27000 candidates in a narrow (200 cm-’) energy band 
(31; or the decay rate coefficients of formaldehyde should vary 
by an order of magnitude depending on the resonance’s sym- 
metry [4]. 

Several unimolecular processes presented at  this conference 
may also be considered as candidates exhibiting mode specifi- 
city. Examples include mode selective photo-dissociation of 
H,O (see refs. [ 5 ,  61 and references cited therein), mode 
selective dissociation of Ar-stilbene van der Waals complexes 
[7], restricted vibrational energy redistribution in anthracene [8] 
as well as mode selective excitations of SF,, and SiF, and 
similar molecules, as indicated by structured spectroscopic 
bands in their quasicontinuum regions [9] (compare with ref. 
[2]). Moreover, specific energy release in the photofragments 
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H,, CO of H2C0 [ lo]  may be interpreted as confirmation of  the 
general theoretical prediction [4]. See also the discussion of  
refs. [26- 301 in section 4. 

Theoretically, the origin of  state selectivity may often be 
investigated by simple models with reduced dimensionality of  
the molecular system [2, 41. Here we investigate the mode 
specific decay of symmetric ABA light-heavy-light a tom mole- 
cules, e.g. dihydrides H 2 0  o r  CH,, in the electronic ground 
state, 

ABA*(nm f , v1v3) -+ AB(v' = 0) + A ( l . l a )  

+ A + BA(t,' = 0) ( l . l b )  

using the Thiele-Wilson coupled Morse-oscillator Hamiltonian 
for the ABA stretching vibrations (see refs. [ l ,  11 - 18]), 

In Eqs. ( l . l ) ,  (1.2), nm f and t+u3 denote local [12-161 and 
hyperspherical [17, 181 mode resonance quantum numbers of  
the excited ABA* complex, respectively. (For low energy bound 
states, u, and u3 correspond t o  normal mode symmetric and 
antisymmetric stretch quantum numbers, respectively [17].) 
The symmetry is indicated by + o r  - corresponding t o  u3 
gerade o r  v3 ungerade levels, respectively. The equivalent AB 
and BA bonds are described by Morse oscillator Hamiltonians 
HAB and A,,, respectively; fiAB . i),,/m, is the kinetic momen- 
tum coupling of  the bonds; energies are  measured from - D the 
bottom of  the diatomic potential well. 

The bond-bond coupling is small for large masses mB 
(Eq. (1.2), ,,heavy atom blocking", see e.g. ref. [19]). As a con- 
sequence, bimolecular collisions with energy E below AB(u = 1) 
threshold are essentially elastic [ 16, 1 81, 

A + BA(u = 0) --t A + BA(u' = 0) .  (1.3a) 

Only close to  resonance energies E = En,, , , ,11 ,3 ,  the n m f  , o1 v3 
resonances of  the ABA* complex provide efficient door-way 
states t o  reaction [18], 

A + BA(u = 0) --t ABA*(nm +, v1 u,) -+ AB(u' = 0) + A .  
(1.3b) 

As a consequence, the reaction probabilities for process (1.3b) 
exhibit a spectrum o f  resonance peaks with narrow o r  broad 
widths r,,, ,1,11,3 depending rather irregularly on the energies 
En,* . t i t  113 (see refs. [16, 181 and compare with e.g. [20]) thus 
indicating mode-specific resonance lifetimes h/fn , ,  ,1,11,3, 

respectively. The origin and consequences of  this mode specifity 
are investigated in this paper. For this purpose, we use the Fast 
Fourier transform (FFT) propagation technique [21, 221 to 
evaluate and analyze the time evolution of  five resonances 
coexisting at energies close to the dissociation threshold. The 
methods, results and  conclusions are  presented in sections 2, 3 
and 4, respectively. 

2. Methods 
Initial wave functions Ynmf,vlvj ( t  = 0) for the five lowest energy 

nm f (ul  v3) = 24 + (24), 24 - (IS), 16 + (52), 16 - (43), 33 + (06) 
resonances of the Thiele-Wilson (111 Hamiltonian (1.2) with modified 

[16] Hedges-Reinhardt [15] Morse parameters r,, = 1.5 bohr, a = 
1 bohr-', D = 0.76 eV and masses mA = 35/31 amu, mB = 210/31 
amu are plotted, together with the coupled Morse oscillator potential, 
in the top panels of Figs. la-e ,  resp. The Pnmf,u1D3 and FFT energies 
shown are Fast Fourier Transform representations of real, square 
integrable approximations to the exact resonance wave functions, 
evaluated by diagonalization of the Hamiltonian (1.2) in a basis 

of linear combinations of symmetry-adapted products of 
Morse functions (LCSPM), see refs. [ l ,  12, 13 ,  18, 21, 221 for details. 
For the present system, the neglect of the very small long-range oscil- 
latory continuum contributions to the exact Ynmf,l , lv3(t  = 0) causes 
only marginal deviations (SO.0004 eV) of the reaction probability and 
LCSPM-FFT resonance energies, see Fig. 1 and ref. (181, as well as an 
irrelevant induction periode 5 0.02 ps) effect which is entirely 
negligible on the time scales 5 of resonance decay (rind 4 0.17 ps 5 7) 
and which does not influence any of the subsequent conclusions, see 
ref. [l]. 

The local mode quantum numbers nm k are determined by the 
maximum square of expansion coefficients [18] 

(2.1) 

Analogously, the hyperspherical quantum numbers o1 v3 are determin- 
ed by the maximum overlap of vibrational adiabatic variational hyper- 
spherical (VIVAH) approximations to Ynmf,l,ll,j [17] and a basis set of 
diagonal corrected oibrational adiabatic hyperspherical (DIVAH [20, 
231) wave functions @:, 1,1 (see refs. [ l ,  171 for details), 

11 
I ( @ n m +  Ipnm*, i ) lu3)12 max I(@A1,m,* I~nm- t ,n103)12 .  

n ' m ' f  

1 3  

According to the Hose-Taylor overlap criteria [2, 241, the resonances 
are classified either as local, bond, quasiperiodic librator modes (type 
Q19 1 

or as hyperspherical, restricted precessor modes (type Q'), 

or non-localized (type N) modes, 

Typically, local or hyperspherical modes are characterized by nodal 
patterns of wave functions indicating large bond excitation or large 
heavy atom exchange across the potential ridge, see y16- , 43 ,  y16+ , J 2 ,  

Y24-,15 or !P33+,06 in Fig. 1 as well as refs. [13], [15] or [17, 181 respec- 
tively. Nonlocal modes have mixed nodal patterns, e.g. Y2.,+,, in 
Fig. 1 .  

The initial wave functions are time-propagated using the FFT 
method [21, 221 (see also 11,251). Resonance lifetimes 5 are determined 
from the near-exponential decay of the overlaps of initial and time 
propagated wavefunctions [I], 

The accuracy of the results is excellent, i.e. the FFT energies and nor- 
malizations of wavepackets are perfect for the period 0 < t < 0.145 ps 
illustrated in Fig. 1 .  For further details, see refs. [ l ,  21, 221. 

A further semiquantitative test is the reasonable agreement of uni- 
molecular decay times and inverse widths of bimolecular reaction prob- 
ability resonance peaks, see Fig. 1: usually the relation 

5 S h/T,, (2.5) 

holds, corresponding to slightly shorter unimolecular decay in com- 
parison with interfering resonance formation and decomposition 
during two "half-collisions" of the bimolecular reaction. 
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Fig. 1 

Time evolution (0 < I < 0.145 ps) Ynm+,u,u3( I )  of local (type Ql', Figs. lb,  lc, Id), hyperspherical (type Q', Fig. le) and non-localized (type N, 
Fig. 1 a) resonances closely above threshold for the ABA(nm* , D, u3)  -+ AB(u' = 0) + A unimolecular decay. Local and hyperspherical quantum 
numbers are given as nmf and u1 v 3 ,  respectively. Exact quantum bimolecular reaction probability and (in brackets) Fast Fourier transform 
propagation unimolecular decomposition resonance energies En,, , v1 v j  as well as inverse bimolecular line widths rbi and unimolecular decay times 
5 are listed for comparison. Contours of the potential for V = - 0.8 D, - 0.4 D, - 0.0 D, - 0.4 D, - 0.8 D (D = 0.76 eV) and squares of normal- 
ized wave functions 1 !PI2 = 0.01, 0.16.0.31, . . . , 0.91 are plotted as dashed and continuous lines, respectively, using mass weighted coordinates 

x = (mA,BA/mBA)'''rA,BA and y = 'BA. 
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3. Results 
Snapshots of the time evolution of the five lowest energy 

ABA*(nm+, u1 03) resonances Ynm, , l ,11,3(t )  taken at equal times, t = 0 
and t = 0.145 ps shown in the top and bottom panels of Fig. 1 ,  ob- 
viously document mode specific decay. The decay times vary by a 
factor -25 from r16+,52 = 0.17 ps to 733+,06 = 4.70 ps, respectively, 
see Fig. 1 .  (See also Figs. 1 and 4 of ref. [l] for snapshots at larger 
times). 

The decay times 7,,, ,D11,3 do not show any apparent correlation with 
resonance energy En,, ,1,11,3 or symmetry +. Instead one readily 
notices a strong correlation of short, intermediate and long lifetimes 
for local (type Q", I), non-localized (type N) and hyperspherical (type 
Q', h) mode resonances, as classified by Hose-Taylor criteria (2.3), see 
Fig. 1 [ l ,  171. This result is in perfect agreement with similar conclu- 
sions deduced by Hose and Taylor for the HCnon-Heiles model of A,B 
+ A2B + A dissociation; it may be rationalized by a correlation of fast 
and slow decay for resonance wave functions with their frontier lobes 
pointing towards the exit valleys (e.g. Y24-,15, Y16+,52, Y16-J or 
centered on the ridge of the potential, (e.g. Y33+,,) [ l ,  241. 

Moreover, the wave packet propagation technique [21, 221 yields 
detailed insight into the decay mechanism. Consider, for example, the 
local mode resonances in Figs. lb,c,d.  They have two frontier lobes 
pointing towards the exit, indicating vibrational excitation ( t i *  = 1) of 
the diatomic fragment of the extended complex just before Feshbach 
resonance type pre-dissociation, 

A ++ B(o* = 1) .  . . A +  AB(ti' = 0) + A .  (3.1) 

However, by constraints of energy conservation (cf. Eq. (l.l)), only a 
single lobe may penetrate into the exit valley. Figs. lb,c, d indicate that 
this lobe represents preferential decay of extended A - B(o* = 1) 
diatomic geometries, cf. Eq. (3.1). Similar snapshots taken at larger 
times indicate that the opposite is true for hyperspherical local modes: 
they start out from compressed AB(II* = 3) diatomic geometries 
before pre-dissociation, see ref. [ 11 for a more detailed interpretation. 

4. Conclusions 

Mode specific unimolecular decay of  ABA* molecule reso- 
nances correlates with the directionality o f  frontier lobes of  
wavefunctions: lobes pointing towards exits or ridges of  the 
potential, as prepared particularly for  extreme cases of  local 
(n  e m)  or hyperspherical (u1 4 u,)  mode nm , u1 u, reso- 
nances, induce rapid and slow resonance decay, respectively. 
Less specific lobe directionality e.g. of  non-localized modes 
yields intermediate decay times. 

The present time dependent, FFT propagated results strength- 
en our previous conclusions [ 11 and are  in perfect analogy to  the 
Hose-Taylor correlation of  mode specific decay and lobe direc- 
tionality in the Hknon-Heiles system [24]. 

The  FFT propagated [21, 221 time evolution of  resonance 
wavepackets !Pnm,,l,l,,(t) also yields details of  the decay mecha- 
nisms, e.g. all local mode resonances presented in Fig. 1 pre- 
dissociate out of extended, vibrationally excited diatomic frag- 
ments in the complex, Eq. (3.1) (see also ref. [l]). 

The results also illustrate the accuracy of the methods used 
[ l ,  12, 13, 18,21,22],  and  certainly encourage applications e.g. 
t o  higher energies, non-symmetric molecules or to  three-dimen- 
sional systems. 

We conclude that variations of  a factor 25 (or more) in the 
life times of  local (type Q") and hyperspherical (type Q') modes, 
as obtained for the present and similarly for promoting (Q") 
and spectator (Q') modes of  other systems (irrespective of  
nomenclature, see refs. [ I ]  - [lo] and references cited therein), 
suggest mode specific chemistry in bulk, i.e. gas, liquids or 
matrices, as follows [I]: Let k be the collision induced reso- 

nance energy deactivation rate coefficient. Then, variations o f  
k from cases a) t o  c), 

case a) TI' g 5' < k-' (4.la) 

case b) TI' < k-' < T I  (4.1 b) 

case c) k-' < rlI e 7I ( 4 . 1 ~ ) '  

e. g. by increasing matrix or liquid temperatures or gas pressure, 
would change the molar yields o f  unimolecular reaction from 
(a) large but unspecific (statistical) over (b) intermediate but 
specific (preferential Q" excitation) t o  very small (c). A possible 
example for the transition (4.la) -+ (4.lb) may be mode-selec- 
tive dissociation of  t-butyl hydroperoxide, where Ql' may be 
induced by local 0- H stretch excitation of  the t-BuOOH, Q' 
corresponds to modes of  the t-BuO fragment, and the mode 
selectivity may be documented by  the pressure dependence of  
the products' appearance rate [26] (see also [27]). Another 
beautiful recent example for apparent realization of  case (4.1 b) 
is unimolecular Cope rearrangement of  3 3  hexadien-3-01 t o  
5-hexanal [28], where Q" and  Q' correspond t o  site selective ex- 
citations o f  the CH promoting mode and the inactive OH 
vibration, respectively. Finally, large variations of  quantum 
yields for 1-fluoro-ethanol isomerization in argon, depending 
on excitations of OH promoting or CH spectator modes, 
indicate the possibility of  matt-ix-assisted mode-specific 
chemistry [29], see also ref. [30] for  similar reactions of  n-alka- 
nes. For further examples, see the references cited in [ I ,  21. 

In conclusion, the present results support our hopes for 
understanding mechanisms of  mode specific unimolecular reac- 
tions, and making them work. 
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Time Resolved Two-Color Multiphoton Ionization Studies on the 
Intramolecular Dynamics of Cycloheptatrienes 

P. M. Borrell*), H.-G. Lohmannsroben, and K. Lulher 
Institut fur Physikalische Chemie, Universitlt Gottingen, Tammannstrafie 6, D-3400 Gottingen, West-Germany 

Elementary Reactions 1 Energy Transfer / Ionization 1 Multi-photon Processes 
One and two color multiphotonionization experiments in cycloheptatriene, methyl-, ethyl-, and isopropyl-cycloheptatriene are reported. Rate con- 
stants for the fast internal conversions S, + So of these molecules were determined. A collisional deactivation process in the pathway of time 

delayed two color multiphoton ionization is observed. 

Introduction 

At an intermediate state in resonance-enhanced multiphoton 
ionization (MPI) a competition takes place between further 
excitation by absorption and  other molecular processes occur- 
ing from excited states as e.g. radiationless transition, spon- 
taneous emission, or unimolecular reactions. In this situation 
simple ion yield measurements may allow t o  determine lifetimes 
of the resonant states down in to  the femtosecond range. 

We have used this approach to measure the  extremely fast 
rates of internal conversion in several cycloheptatrienes (CHT)  
with resulting rate coefficients u p  t o  lOI3 ssl .  

With’ variable delay times between pulses o f  different, turn- 
able wavelength a variety of specific absorption path ways lead- 
ing to ionisation can be prepared and used for selectiv observa- 

*) Permanent address: Department of Chemistry, University of Keele, 
England. 

tion o f  elementary molecular processes. In such two color 
experiments in CHT systems we have observed collisional 
energy transfer f rom hot  photoproducts by  means o f  MPI.  

Experimental 
Total ion yields were measured using a quartz cell with Brewster 

windows and a pair of parallel plates as ion collector. 
MPI occured from 10 ns laser pulses at either only one wavelength 

(mostly 266 nm) or from a pulse at 266 nm followed after a variable 
time delay by a second pulse at wavelengths between 355 and 266 nm. 
CHT and the methyl, ethyl and isopropyl substituted compounds (Me- 
CHT, Et-CHT, iPr-CHT respectively) were investigated as well as 
toluene for comparison usually at 100 mtorr. He and heptane were 
sometimes used as additional collisional partners. We worked under 
low laser intensity conditions in the range of 10- 100 kW/crn2 and 
mostly with parallel beam geometry. Careful tests were run to  rule 
out effects from saturation, recombination, surface ionization etc. 
under the conditions of measurements. Further details are given else- 
where [ 11. 
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