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A. SEP Spectroscopy of Acetylene

1. Pattern Recognition Schemes Based on Statistics. :,SEPmade it-..................... _"

possible to look at eigenstate-resolved and rotationally pre-sorted spectra of

small polyatomic molecules at such high levels of vibrational excitation that

traditional spectroscopic eigenstate-by-eigenstate assignment methods seemed

both infeasible and inappropriate. Surely our SEP spectra would manifest

some quantum mechanical version of classical chaos and "therefore" the

eigenstates in the energy region, above which the classical dynamics is

predominantly chaotic, would be intrinsically unassignable. Thus we sought

to develop statistical measures [BER77, PEC83, BRO81, MEH67, PIQ87] which,

when applied to pure sequence s fully resolved-eigenstate spectra, would

• reveal whatever is left of almost good quantum numbers (i.e., vibrational-

quantum numbers, rotational projection quantum numbers Ka or Ko or a

specific bonded network HaCbCcHci vs. HdCbCcHa) or localization in a

restricted region of symmetry- and energetically-accessible phase space.

Our initial SEP experiments on acetylene were therefore directed at two

targets: (i) the evolution toward global chaos [ABR84, ABR85, SUN85, PIQ87,

CHE88b]; (ii) detection of acetyleneovinylidene isomerization resonances

[CHE89]. We elected to skip over the relatively low-energy region, which, as

we found in the EvxB < 8000 cm"1SEP spectra of H2CO [REI84, DAI85], we

expected would be assignable in terms of traditional spectroscopic quantum

numbers and effective Hamiltonian fit models lAMA58, PLI72a, PLI72b]. Our

conviction that the traditional approach to low-energy vibration-rotation

spectra could not be extended, at an acceptable level of effort, to the high

energy region, led us to temporarily abandon what has turned out to be the

• most fruitful (EvIB - 7000 cm"1) region for investigation.

The statistical approach to SEP spectra was not entirely Lmrewarding.

Yongqin Chen was awarded the 1990 "Nobel Laureate Signature Award" for

5A puresequencecontainsonly eigenstatesbelongingto the samevalueof the quantumnumbers
c_)rrespondingto ali rigorously conservedquantities (J,parity,andg, u symmetry for theHCCH
X 1Zg+ state).
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" tris (entirely DOE-supported) attempt to locate acetylene_-_vinylidene

isomerization resonances in the 15,000-15,900 cm-1 energy region [CHE88a,

CHE89]. The crucial idea was that the transition state for interconversion of

two chemically equivalent bonded networks, HaCbCcHd(->HdCbCcHa, lies in

the vinylidene region of phase space and that the tunneling rate between the

two acetylene bonded networks will be enhanced at energies near "vinylidene

resonances". Chen invented a method for detecting the effect of these

resonances on the SEP spectrum that combined CNPI (Complete Nuclear

Permutation-Inversion) group theory and SCC (Spectral Cross-Correlation), a

statistical pattern recognition scheme. In SCC two SEP spectra, recorded from

two ,Z,-state intermediate rotation-vibration levels which belong to the same

rigorous symmetry class but are carefully selected to give Franck-Condon

access to two disjoint sets of Y(-state vibrational levels, are cross-correlated. If

the cross-correlation is abnormally high in a particular energy region, this

indicates that some kind of mode-mixing in the Y(-state has deswoyed the

normally preserved Franck-Condon distinction. Chen devised a CNPI-based

group theoretical test to identify mode-mixings induced by tunneling through

the vinylidene region of phase space. If a high cross-correlation were actually

caused by a vinylidene resonance, then this correlation would be absent in

another pair of SEP spectra, recorded from an A-state intermediate level

belonging to a CNPI symmetry species in which the acetylene(-_vinylidene

resonance is symmetry forbidden. One resonance, at EvIB = 15,525+150 cmd,

was identified that passed the SCC-CNPI tests [CHE88a, CHE89].

The SCC statistic is superior to the nearest neighbor level spacing

[ABR84], long-range spectral rigidity [SUN85, PIQ87], and intensity

• distribution [PIQ88] statistics that we used previously because SCC is based on

the breakdown of one, a priori-specified, almost-conserved dynamical

quantity rather than merely the survival of any unspecified approximate

constants of motion. SCC was a step back toward traditional spectroscopy.

Yongqin Chen suggested another, even better structure-targeted statistic: the

appearance of resolvable HaCbCcHd(--_HdCbCcHa tunneling doublings near

each vinylidene resonance [CHE88a]. These doublings will be present in SEP

., spectra of HI3CI3CH [I(13C)=1/2] but not H12C12CH [I(12C)=0]. We had planned

to search for these H13C13CH doublings during the present gran t period, but

i postponed those experiments in order to complete a more promising study of
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" the SEP spectrum in the EVIB= 7000 an a region (discussed below). It is

fortunate that we did so, because we now know how to select specific zero-

order "bright states" from which the short-time dynamics points directly

toward the vinylidene region of phase space•

2. A Pattern Recognition Scheme Based on Traditional Spectroscopic

Models. The crucial push away from statistical pattern recognition a_udback

toward traditional spectroscopic pattern recognition was the result of a long-

term collaboration with Professors Kaoru Yamanouchi and Soji Tsuchiya

(Department of Pure and Applied Sciences, University of Tokyo). Low

resolution (30 cm"1 FWHM) dispersed fluorescence spectra of H12C12CH were

recorded at the University of Tokyo [YAM91]. These spectra contained long

progressions in the two Y(-state vibrational modes expected to be Franck-
Condon active: mode-2 (CC stretch) and mode-4 (trans-bend). However,

many progressions were built on a vibrational level involving excitation in

either mode-1 (symmetric CH stretch) or even quanta of mode-5 (cis-bend).

Mode-1 was naively expected to be weakly Franck-Condon active, but mode-5

should have been completely inactive. The assignment ambigLdty was based

qn the accident that Vl=V2+2v5 .

We were initially uncomfortable even with the idea of "assigning"

vibrational quantum numbers to features in a low resolution spectrum

which, at high EvIB, would certainly not be single vibrational eigenstates. So

we decided to do some high resolution SEP detective work. Our primary goal

was to resolve the vi vs. v2 + 2v5 ambiguity by examining the rotation-

vibration fine structure [PLI72a and b] under the lowest energy observed

feature state in one of the mystery DF progressions [YAM91]. These

experiments led to the following observations and conclusions.

(i) The lowest energy members of assigned feature state progressions

were in fact single vibrational eigenstates known [by their vibrational energy,

G(y), rotational constant, B(V), l=0,2 splitting (g44), and t=2/-type doubling

(q4)] from high resolution infrared [PLI92a and bi and Raman spectroscopy.

(ii) As a progression continues to higher energy, the feature states are

observed to split into a steadily increasing number of subfeatures.
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(iii) By comp,,_.ag SEP spectra recorded from two different

intermediate levels (.4, v3'=2 and ._ v3' = 3), it was possible to distinguish the

overall A-Y( Franck-Condon envelope (of no relevance to dynamics on the

• Y(-state) from hierarchical clusterings into features, sub-features, sub-sub-

features that are bona fide consequences of )(-state dynamics [YAM91].

(iv) Each of the feature states in the low resolution DF spectrum

corresponds to a single Franck-Condon bright state, and the vibrational

quantum numbers of this bright state specify the t=0 early-time localization

that would be produced if the entire feature were prepared by a sufficiently

short DUMP pulse.

(v) The mystery progressions in the DF spectrum are built on two or

four quanta of mode-5. The cis-bend (rs) is lit up, even after the shortest time

(-200 fs) sampled by the 30 cnad resolution of the DF spectrum, by a Darling-

Dennison [DAR40] interaction with the trans-bend [(v4, v5) ~ (v4-2), (v5+2)].

(vi) The subfeatures under each feature state arise from a now nearly

completely characterized combination of Darling-Dennison (2v4~2v5 and

2Vl~2V3), anharmonic (v2 + v4 + v5-v3:"2345 Fermi"), and vibrational

t-resonance (At4 =-ads = +_2,Av4 = z_v5 =0) interactions [AMA58, PLI72a and

b, JON92a, JON93]. This multi-resonance picture completely describes how

the vibrational energy, initially localized in a single Franck-Condon bright

state, flows in a sequential manner throughout the entire super-polyad to

which that bright state belongs. Kellman's ARQ (Algebraic Resonance

Quantization) scheme [KEL86, FRI87, KEL91] assigns a superpolyad number,

N'=5vl + 3v2 + 5v3 +v4 + v5, to the restricted region of phase space explored

by the bright state. [For example, the feature state at Evm = 11,554 cmd, (v2=2,

v4=10, v5=2) belongs to N'=18, which consists of 22 members ignoring the

14, 15, l fine structure!]

(vii) The enormous number of intra-superpolyad coupling matrix

• elements are expressed in terms of a small number (-4) of adjustable

parameters scaled by simple functions of vibration-rotation quantum

numbers (derived from textbook coordinate and momentum matrix
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"' elements evaluated in a harmonic oscillator basis set lAMA58, PLI72a and b,

JON92a, JON93, LEH92]). The sequential and restricted Intramolecular

Vibrational Redistribution (WR) process in the acetylene Y( 1Xg+-state can be

described by a very elaborate effective Hamiltonian matrix model which is

expressed in terms of a very small number of adjustable parameters. These

parameters can be determined by detailed spectroscopic examination of a

small subset of one superpolyad, or again taking advantage of harmonic

oscillator matrix element scaling laws, determined from analysis of a simpler,
r

_ lower energy superpolyad.

_! (viii) David Jonas and Stephani Solina have concentrated on SEP
,_ ,

_: spectra in the 6,900 < EVIB< 7,130 cm "1 region that contains the

t4 v_S)t (0,1,0,80,0) 0 and (0,1,0,82,0) 2 Franck-Condon bright and(vi,v2,v3,v4, --i"

_ik"l (0,1,0,60,20)0, (0,1,0,62,20) 2, and (0,1,0,6_,2T'2) 0 Darling-Dennison brightened
states (the SEP-bright part of the N'=11 superpolyad). By combining their

multi-resonance analysis with previous analyses [STR76] of high resolution

Raman, infrared [PLI72a and bi, and high overtone spectra [SCH83, SMI91,

HER92], all of the intra-superpolyad coupling parameters needed to describe

the time evolution of any SEP bright state have been determined, provided

that no change in the topography of the potential energy surface destroys the

N'=5Vl + 3v2 + 5v3 + v4 + v5 superpolyad structure. One such topographical

change is certain to occur near EVIB= 15,000 cm-1, where the top of the

acetylene_vinylidene isomerization barrier is located [CHE89, ERV92,

GAL92].

(ix) The Jonas-Solina multi-resonance model [JON92a, JON93] is

therefore a sophisticated structural-model-based pattern-recognition scheme,

vastly superior to crude chaos-based statistics, which is capable of detecting the
onset of isomerization as a subtle deviation of the structure on the (N'+m)-th

superpolyad from predictions based on extrapolation from the N'-th

superpolyad. The stage is now set to use changes in the coarse structure of a

superpolyad to detect chemically interesting topographical features on a

potential energy surface. DISCLAIMER
o

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-

bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or

process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,

manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-

mendation, or favoring by the United Slates Government or any agency thereof. The views
and opinions of authors expressed herein do not necessar ,y state or reflect those of the

United Stales Government or any agency thereof.
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(x) In the course of their multi-resonance modeling of the EVIB-- 7000

an "l region, Jonas and Solina 6 discovered that the dynamic range of SEP was

much larger than we had expected; SEP transitions spanning an intensity

range of a factor of ~103 from strongest to weakest are detectable [JON92a]!

This means that we can see much deeper into a superpolyad (i.e. detect much

weaker transitions into nominally dark vibrational levels) than is possible in

high resolution Raman, infrared, or high overtone spectra. This is important

because the weakest transitions typically carry the most valuable information

about the coupling parameters that control WR rates and patterns. Where

does the energy go? How fast? Why?

(xi) An especially important class of nominally forbidden transitions

appears in our SEP spectra via the "axis-switching" mechanism [HOU65]. For

example, in the HCCH _.-Y( transition, the principal inertial axes (_,l_,_)y( in

the linear Y(-state (_ along the C - C bond) are oriented differently than _

(_,l_,_) _, in the trans-bent .4,-state ( _ tipped slightly away from the C-=C bond
and toward the H..-H axis). As a result, simple c-type rotational selection

rules (AKa=±l, tdC,c=even) are not strictly valid for acetylene _, _ Y(SEP

spectra. Nominally forbidden Ka'-l"=0 +,.t_2transitions are expected to appear

in the SEP spectra with a priori calculable intensities. This is especially

significant for a bent_linear transition, because in a linear molecule the

vibrational angular momentum for mode-s, ts, varies in steps of 2 from
tmax rain

s = vs down to l s =0 or 1. Thus, Ka'-t"=even axis-switching transitions

from Ka'=l terminate in different )(-state vibrational levels (odd v4" + rs")

than the nominally allowed traP.sitions (even v4" + v5")!

(xii) David Jonas' recognition of the importance of axis-switching

transitions in acetylene led him to conclusive assignments for all of the

unassigned mystery bands in Alec Wodtke's HCN A.-_ Y(SEP spectra

LION92b].

• 6Stephani Solina reported on this work at the 1992 International Molecular Spectroscopy
Symposium at Ohio State University. Her talk was selected as one of the three best "first
talks by a graduate student" and she will be awarded the "1992 Rao Prize" at the 1993
Symposium.
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(xiii) The absence of SEP transitions terminating on vcH > 0

vibrational levels of HCN led Dave Jonas to compute the v=l:v=0 Franck-

Condon factor ratios for SEP transitions terminating in VCH=I levels of HCN

and vi (symmetric CH stretch) = 1 levels of HCCH. He found that, in the

spectral regions examined, the Franck-Condon factors for all transitions

terminating in vcH > 0 and vl > 0 levels were below the detection threshold
[JON92b, JON93].

. (xiv) In all of our pre-1991 acetylene-.SEP publications [ABR84, ABR85,

SUN85, PIQ87, CHE88b] we claimed to be able to sort the observed transitions

into pure sequences. We claimed that the density of l=0 (Xg) vibrational

levels that actually appear in our SEP spectra was a factor of .-3 larger than the+

total calculated density of Y.gstates [CHE88b]. This led us to suggest that

standard methods for computing vibrational densities of states might be

systematically underestimating the true density of states. We also applied

several chaos-based statistical measure_ to our SEP spectra [ABR84, SUN85,

PIQ87, PIQ88], but these tests are only meaningful when applied to pure

sequences. We now know, primarily due to the previously unsuspected large

dynamic range in our SEP spectra, that the observed density of g=O levels is

not larger than the calculated density [JON92a, JON93]. David Jonas has
+

devised a rigorous procedure for extracting statistically useful pure Y8' J=0

sequence data sets from SEP spectra. Although this procedure will require six

separate SEP scans through each targeted energy region, it will produce

i • interloper-free, reasonably complete, pure sequences of J=0 levels (J=0 levels

i! are invariably preferred by theoreticians).

(xv) The minimum energy path from acetylene to vinylidene
involves simultaneous large amplitude local CCH bend and local C-H stretch

motions of one H atom [CAR84]. The multi-resonance model shows that

certain SEP-bright states are directly coupled to states with significant local
bend, local stretch character [JON92a, JON93]. Therefore we know which SEP-

accessible members of each superpolyad are most strongly coupled to the
acetylene<--_vinylidene reaction coordinate. This will enable us to devise

excitation schemes that will optimally display vinylidene resonance energies
and lifetimes.
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• "" " B. SEP Spectroscopy of the Formyl Radical via the B2A'_,f(2A' Electronic
Transition

HCO is produced in a flow cell by photolysis of acetaldehyde at either

308nra (XeC1 excimer laser) or 266nm (Nd:YAG laser).

We have recorded fluorescence excitation spectra of the HCO

E;2A'+-_)(2A' system [SAPg0, COO92] and performed a rotational analysis of
0 0

the 00 band. The rotational structure of the _-,_ 00 band proves that the

transition is of hybrid a,b-type and that the B-state is of 2A' symmetry.

Detailed measurements of relative a-type and b-type rotational branch

intensities imply that the electric dipole transition moment, _[3-R lies in the

plane of the HCO molecule at an angle of 31(4) ° away from the a principal

inertial axis. Whether _y( lies more nearly parallel or perpendicular to the
C-H bond axis remains to be determined from a more detailed study of

intensity interference effects. The rotational structure of the band previously
0

thought to be the C2A"-Y(2A' 00 band [DIX69, TAN79] is also hybrid a,b-type

(and not c-type as would be required if the upper state were of 2A" symmetry),

which implies that ali bands previously assigned to the (l-X system are

actually transitions to levels of the _-state with VcH=l. Some irregularities in

the spacings between Ka'=0,1,2 manifolds in the B2A' (G0,0) level suggest a

perturbation by an unknown quartet state.

The primary objective of our HCO experiments has been to record SEP

spectra, via the B2A'oY(2A' system, of quasibound vibrational levels

("resonances") of the Y(2A'-state. We have examined the rotational structure

and rotational level widths in the _-R (0,0,0) _ (0,5,0) band [in the Y(-state the

conventiul_al normal mode numbering is vi" = CH stretch, v2" = CO stretch,

v3" = bend]. We found that, even though the (0,5,0) level is -4000 crn'l above

the H--CO-_H(2S) + CO(X1X +) dissociation limit [MUR86, CHO90b], the

rotational structure is that of a textbook asymmetric top and the rotational
0

level widths appear to be independent of N, Ka, Kc, and J. This l_-X 25 band is

also of hybrid a,b type, and _.y( lies 35(5) ° away from the a inertial axis.

'.i We have measured the widths of six quasibound X-state vibrational
levels in the 8,000 _ Tv < 11,000 cm-1 energy region. Levels with 1 or more
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quanta of the bending vibration are invariably shorter-lived than pure vco

• overtone levels (with Vbend=0). Levels with VCH ->1 are apparently too broad

to be detected in our present SEP spectra. This FCH > Fbend > I"CO mode

specificity in the resonance widths is consistent with theoretical predictions,

but all of the published theoretical width predictions are for resonances at

lower energy than those observed in our SEP spectra [LEE86, GAZ87, GAZ91,
GAZ92].

With the exception of one SEP band into a mystery level near

Tv = 9335 cmq, the SEP linewidths do not vary with rotational quantum
numbers within a vibrational band.

Since our initial HCO l_,_ SEP spectra were recorded, the HCO SEP

set-up has been completely rebuilt. George Adamson can now generate a

complete SEP data set for a single Y(-state vibrational level in ~ 2 days.

Deconvolufion programs for extracting linewidths from raw SEP spectra have
. been written and tested.

Dispersed fluorescence and PUMP-DUMP-PROBE experiments are

being designed to measure the widths of very broad VCH -- 1 levels and very
narrow near-threshold levels.
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