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Observations of a Quantum Symmetry Restriction in the Rovibrationally Inelastic
Scattering of Glyoxal'
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Rovibrationally inelastic scattering of ans-glyoxal (CHOCHO, 12 modes) by 41D,, and He is explored
experimentally. Explicit attention is given to a state-to-state inelastic channel that is predicted to be forbidden
on account of quantum symmetry restrictions in the symmetric top approximation for glyoxat(0.99).

This channel isQ K' = 0— 7%, K' = 0, where Qs the S zero-point level, 7is the CHC-CHO torsional
fundamental, an&’ is the quantum number for angular momentum about the top axis. After & pumping

of the initial state, inelastic scattering to the set of final state&7= n that includes theé\K' = 0 channel

is monitored by dispersed fluorescence. Relative cross sections for the rovibrational transitions are obtained
for inelastic scattering by HE.m = 650 and 1170 crmt), D, (750 cn?Y), and He (750 and 1220 cr) to

final states withK' ranging from 0 to 15. The predicted prohibition of th&' = 0 channel does not occur,

but that channel is present with its scattering cross section reduced to only about half of the value expected
if no symmetry effects were present. The partial relaxation of the quantum symmetry prohibition may plausibly
be attributed to the small asymmetric top character of this near symmetric top molecule.

1. Introduction The present paper concerns an energy transfer symmetry
restriction occurring in a larger molecule, glyoxal, CHOCHO,
with 12 modes, for which many competing rovibrational
channels can be resolved in crossed beam inelastic scattering
experiments. The scattering has also been explored with fully
quantal three-dimensional scattering calculafibri8 that gener-

ally have good fidelity with the experimental resiits?” The
calculations predict that a strong state symmetry prohibition
occurs for one of the channéls!® This effect did not appear,
however, in the scattering data 0£3%2-2%r He2222 and on

this issue the experiments and theory are in disagreement. We
now present new inelastic scattering data obtained with experi-
mental improvements that allow a better view of the channel
that is involved in the predicted symmetry effect.

One of the prominent distinctions between the treatments of
intramolecular versus intermolecular vibrational energy flow in
polyatomic molecules concerns the role of quantum state
symmetry. Molecular symmetry restrictions are central to the
anharmonic vibrational interactions that underlie the collision-
free flow of vibrational energy in polyatomic molecules.
Accordingly, discussions of state symmetries inevitably ac-
company theoretical treatments of this intramolecular vibrational
redistribution, IVRY™> In contrast, intermolecular vibrational
energy flow, or collisional vibrational energy transfer (VET),
has historically been modeled without reference to restrictions
arising from issues of state symmetry. The extent to which

freatments such as the SSH-T théofyor the related Tang The glyoxal inelastic scattering channels are seen with help

Parmenter rulés'® have had semiquantitative success empha- . o
. o from Figure 1 that shows some of the rovibrational energy levels
sizes the fact that state-to-state VET propensities largely escape

1 S
molecular symmetry constraints, and consequently, symmetry't?];h; %\(,Q“\Zvifﬁafﬁ'zl'%sﬁ: ﬁesosp;rggt?% 'E’) usaed :gxpi)rrr?zft‘iggr?
is not a common part of VET discussions. y P app

When the VET experiment moves from vibrational to (with i« = —0.99, glyoxal is almost a prolate top). The quantum

rovibrational state resolution, symmetry considerations come numberK is related to the angular momentum about the top
» SY Y axis (Figure 1). Overall rotation associated witis not resolved
to the fore, but even then, only occasionally. The few VET

studies that comment on state svmmetries all involve state-to-in these experiments. Rotationally inelastic scattering occurs to
Y K' states within the zero-point level and rovibrationally inelastic

state transitions between rovibronic states, whether actuallyscattering reaches’ states within the fundamental, = 233

sl in e observations of TP oked i o 1 The oatonal scur of spers o orescence
: y 9y is used to detect these single-collision destination states with

T L ; 1112
perturbed states high in the vibrational manifold o . K-state resolution. Relative cross sections for the competition

ser:]hragtsr m]%srt n%t.iﬁlihagetgg:?:ﬁ;waeeneztf‘ttis;:;'Ei;int 7p'%mong inelastic scattering channels are extracted by computer
y Y whi " pp 9 simulation of the fluorescence spectrum produced by those

ibiti 3,14 i i _
symmetry PTOh'b.'“O”- Another example |n.volves rqwbra molecules that have undergone inelastic scattefifig.
tional transitions in C@where the accompanyiny rotational The rovibrational channel of specific interest is that witk’
changes display propensities for preserving overall rovibrational _ 0, namely the  K' = 0— 74, K’ = 0 scattering event. With

mmetryt® . L .
symmetry the symmetric top approximation for glyoxal, the azimuthal and
 Part of the special issue “C. Bradley Moore Festschrift’. vibrationally close-coupled, infinite-order sudden scattering

+ Present address: Department of Geophysical Sciences, The University@PProach (AVCC-I0S) predicts that this transition is symmetry
of Chicago, 5734 S. Ellis Ave., Chicago, IL 60637. forbidden!”18 The prohibition originates in the close-coupled
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600 [ s TABLE 1: Glyoxal 0°K° + M Kinematic Conditions
A, A& — k=14 scattering
™ /0/97— Ny target gas angle (deg) vrei(M/S) Ecm. (€M™ pem. (x10724kg/s)
- - H> 90 2810 640 9.08
400 |— — H. 180 3790 1170 12.3
~ L f=u " He 9 2190 750 13.6
s b — I He 130 2790 1220 17.3
S S — D> 90 2190 750 13.6
m l: — =" 71K0
200 — 10— change the angle between the sample and target molecular beams
— — from 55° to 18C°. This angle control allows one to tune the
B - relative velocity of the molecular beams and to select desired
B 5—— kinematics while preserving the molecular beam expansion
ol— = o characteristics. Improvements in the data analysis have also been
Figure 1. K = Jrotational energy levels within thé @nd 7 vibrational made, of \.NhICh perhaps t_he m(_)st important is a switch to an
levels that can be observed in the inelastic scattering fromat¢ &= asymmetric top spectral simulation program. The changes give
0 (or PK9) level of glyoxal with a display of the principal to@* axis improved simulation accuracy, especially for emission from
of planar glyoxal in the symmetric top approximation. states with lowK' values. With these advances, we have

obtained new data to characterize the rovibrational scattering

matrix element that involves integration over the products of in the set of channels’0K' = 0 — 7%, K’ = n, wheren ranges
the initial and final vibrational states, the symmetry-adapted from O to as high as 15. The new data encompass scattering of
K-state eigenfunctions and the interaction potential for a collision Hz and of He at each of two center-of-mass collision energies,
of a symmetric top with an atom. For tieK’' = 0 transition, Ecm., plus scattering of Pat oneE . value.
the matrix element contains the product of an even and an odd
function, the integral of which is zero. For those rovibrational 2. Experimental Procedures
transitions withAK' > 0, at least some components of the matrix ) o ) . .
element are nonzero and symmetry influences are predicted to Inelastlp scattering is observed in the |'ntersect|on of pulsed
disappear. Thus, the main symmetry prohibition is predicted to SUpersonic beams. The sample beam is a seeded He beam
occur for the single rovibrational chann&K = 0. carrying seven m_ole percent glyoxal. The target b(_aam is obtained

With the exception of th&K' = 0 rovibronic scattering, the ~ from the expansion of purejiHe, or D;. Glyoxal is pumped
scattering calculations calculatidfisi® for state-resolved ro- 10 its @ K’ = 0 level with J' in the range of ©-10 by a laser
tational and rovibrational inelastic scattering are in semiquan- tuned to the 0 §-S K' = 0 —— K" = 1 subbandhead. The
titative agreement with the dat&2’” The match of the confl_uence of the 0.3 cnt laser bandwidth w_|th overlqpplng
predictions with the data holds broadly, encompassing experi- rotatlongl structure in the subbands results in gmo&tlonal
ments with several scattering gases and with scattering from POPulation of at least 85%' = 0 while the remaining pumped
four different initial S rovibrational states of glyoxal. Thus, ~Molecules are in as many as four neighborkigevels. The
the AVCC-IOS and the symmetric top approximations fer S rovibronic structure of Sfluorescence in the region of the-S
glyoxal appear generally valid. Given these predictive successesSo 71 band is observed by imaging the fluorescence from a 1.7
the experimental finding thaAK' = 0 is the most probable M monochromator equipped with Princeton Instruments intensi-
rovibrational channét rather than a forbidden channel becomes fied charge-coupled device (ICCD) detection.
even more intriguing. Details of the beam conditions, laser pumping, and fluores-

A possible contributor to the mismatch between the data and cence collection have been described elsewtfeie Two
calculations concerns the symmetric top approximation for modifications of the earlier procedure require comment. The
glyoxal in the calculations. Asymmetric top characteristics in first is incorporation of adjustable beam intersection angles as
near-symmetric top molecules are expressed most prominentlyopposed to the fixed 90intersection of previous reports. In
for low K-stated® so that while the symmetric top approximation addition to observations of scattering by, D, and He at 90
may work satisfactorily for most inelastic scattering channels, intersection, here we include data for scattering efaHd He
problems may arise for the lotwK channels, with thé\K = 0 at an intersection angle of 18@nd 130, respectively. The
channel being an extreme example. On the other hand, the dataollision kinematics for all five scattering experiments are
for low AK rovibrational channels may also have spectroscopic summarized in Table 1.
liabilities, and their assay is difficult. The spectroscopic signature  The second modification has been a switch from photomul-
of the @ K’ = 0 — 7', K’ = 0 channel lies in a region of the tiplier (PMT) detection of the dispersed fluorescence signal to
fluorescence spectrum that is congested relative to those fordetection by an ICCD. The change to ICCD detection allows
the higherAK' rovibronic channels. Additionally, the spectral us to improve the fluorescence resolution to 0.75 &rnom
simulation used previously to extract the relative scattering crossthe 2.0 cn1! resolution obtained with the PMT while simulta-
sections from that fluorescence region was made with a neously improving the signal-to-noise.
symmetric top progrart®

Subsequent developments in both the experimental apparatug Resylts
and the data analysis now set the stage for further experimental
exploration of the rovibrational scattering channels involved in ~ The @, K' = 0 — 7%, K' = n rovibrationally inelastic
the predicted symmetry restrictions. The fluorescence resolutionscattering channels are observed by the rotational structure in
has been improved nearly 3-fold with concomitant improvement the 7} fluorescence band. As described in earlier reports, the
of the signal-to-noise so that better definition of th&' = 0 H./D,/He beam is kept off on alternate laser pulses so that
rovibrational channel is obtained. The crossed beam apparatusnterleaved spectra with and without scattering are acquired.
has been fitted with a new nozzle mount which allows one to The difference of these spectra is fluorescence from only those
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Figure 2. A comparison of glyoxal (@ K' = 0) + H, fluorescence
rovibrational scattering spectra in thie Fand region at the 0.75 crh
resolution achieved with ICCD detection and at 2.0~ &émesolution
from PMT detection. The 0.75 crh spectrum is annotated with the
principalK' level or levels that contribute to the subband maxima. The
prominent maxima below 22040 cthare from highK’ levels in the 0

band that are populated by rotationally inelastic scattering. For these

experimentsEcm. = 650 cnT?.
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Figure 3. Rovibrational scattering spectra (dots) in thia and
region for glyoxal (6, K' = 0) scattering of K (E;m. = 650 cn1?) or
He (Ec.m. = 750 cn1?) with fits by simulation (lines). The two spectra
use different arbitrary units.

molecules that have undergone inelastic scattering. We termjs primarily that of single collision events, the set of relative

the result a “scattering” spectrum.

A typical scattering spectrum is shown in Figure 2. The
symmetric topAK = +1, AJ = 0,£1 selection rules cast
emission from a giveK' level into six subbands. TH#®, PQ,

populations that emerges from the simulation is also the set of
relative scattering cross sections.

The quality of the simulations is representative of the
examples shown in Figure 3. The simulation procedure using

andPR subbands occur as congested emission to the red of thepe symmetric top approximation is described in detail else-

71 band origin. ThéP,'Q, and'R lines occur to the blue of the
7} origin. For K' > 3, this blue structure appears with
prominent'R subband heads identified in Figure 2 with e
identity of the emitting levels. Emission frol' = 0, 1, or 2
occurs near the}?band origin, and in this region, lines from
differentK’ levels contribute substantially to a single subband
maximum. TheK' identities of the dominant contributors for
the various maxima are noted in the figure.

where?32” Two improvements have been used in the simulations
for the present work. While the symmetric top approximation
with inclusion of centrifugal stretching provides an excellent
replication for most states reached in the scattering, the
approximation is potentially troublesome for emission friim
=0, 1, or 2. The problems were moot for the earlier experiments
with 2.0 cnT! PMT resolution where structure from those states
is poorly resolved (see Figure 2). To accommodate the improved

Figure 2 additionally shows a comparison of spectra obtained resolution and our particular interest in Id populations for

with PMT and ICCD detection. The improvement in detail from
the 0.75 cm® ICCD resolution vs the 2.0 cm PMT resolution
is readily apparent. The spectral region carrying information
about emission from thel 7K' = 0 states of special interest for
this study benefits particularly from the improved resolution.
The relative cross sections for rovibrationally inelastic
scattering to the stated, K' = n are obtained from simulation
of the scattering spectrum. As described elsewf&tégnough

the present study, we have switched to an asymmetric rotor
simulation program. The functionality of the simulation program
is the same as described previod3R/ except the intensities
are calculated as a function of the more accurate asymmetric
frequencies rather than at the symmetric top frequencies. The
best fit simulation is determined to be the one with the smallest
sum of the square of the residuals.

The sets of relative rovibrationally inelastic scattering cross

is known about glyoxal spectroscopy and photophysics so thatsections for the five experiments involving the, ,, and He
the simulation can be made with only two adjustable parameters.are reported in Table 2 and plotted in Figure 4. The error bars
One accommodates the profile of the rotational subbands. It associated with the cross sections in Figure 4 refbedty the
plays a secondary role in the cross section determinations, anduncertainty in the best fit spectrum. The uncertainties are

its nature is described elsewhéfe’ The other is the set of

calculated with a nonlinear least-squares routine provided by

relativeK' populations of the scattered molecules. Populations incorporating STARPAC (the Standard Time Series and Regres-
are adjusted for the best spectral replication. Since the scatteringsion Package) into the simulation progréimMore realistic
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TABLE 2: Relative Cross Sections for the Rovibrationally Inelastic Scattering of Glyoxal (6, K' = 0) — (7%, K' = n) by H,, D,
or He at Specified E¢ 2

o(H2) o(He) o(D2)
n E.m.= 650 cnrt Ecm = 1170 cmit Ecm =750 cnt Ecm = 1220 cnit Ecm =750 cnrt
0 1.2 1.1 1.6 1.4 1.4
1 2.9 2.9 2.8 2.9 3.3
2 2.1 2.1 1.7 1.8 1.6
3 1.6 1.9 2.2 2.0 1.5
4 1.6 1.6 1.7 1.8 1.8
5 1.8 1.5 1.6 1.5 1.8
6 1.3 1.1 0.9 1.3 1.1
7 1.2 1.2 1.1 1.4 1.0
8 0.9 0.7 0.9 0.8 0.7
9 1.0 0.9 0.9 0.6 1.3
10 0.7 0.4 0.6 0.8 0.6
11 0.6 0.5 0.2 0.2
12 0.3 0.4 0.6 0.4
13 0.4 0.5 0.3
14 0.2
15 0.2

2The finalK' state is specified as. The cross section sets are normalized by setting the sum of channels with—-5 to a common value.
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Figure 4. Relative cross sections for rovibrationally inelastic scattering a
from @, K' = 0 glyoxal plotted againshK (which isK’' = n of Table Y

2).
Figure 5. (top) Principal inertial axes of glyoxal. The molecule lies

uncertainties are in the range of-280%. This range is observed " the &b plane. Thea axis is the top or unique axis. (bottom) The
coordinate system for the scattering formulation wheig the vector

in t_he reproducibility of cross sections occurring in various pairs ¢ "o glyoxal center of mass to the approaching particle M with
of independent experiments. the polar angle defined from the top axis of glyoxal and the azimuthal
angle¢ defined from the molecular plane.
4. Discussion
The quantum symmetry argument can be summarized with

The prediction that the®0K' = 0— 7%, K’ = O rovibrationally  the help of Figure 5 that displays the principal axes of glyoxal
inelastic scattering channel is symmetry forbidden is a conse- and the coordinate system for the interacting pair glyokal
quence of the rotational and vibrational wave functions em- \.17 The approach of the collision partners is defined by the
ployed in the AVCC-1OS calculations.** While in this paper  center of mass separation vectowith a polar angled with
we focus our experimental efforts on a quantum symmetry effect respect to the top axis of glyoxal (theaxis) and an azimuthal
in scattering from the initial levelDK’ = 0, quantum symmetry angle$ with respect to the molecular plane (taeb plane).
effects have been predicted for several other initial levels. Since The rovibrationally inelastic scattering cross sections/for

these effects do not depend on details of the intermolecular ) ) .
P K" — ¢/, K' channels are contained in the AVCC-10OS S-matrix

potential surface, the theoretical predictions apply in principle | h devel invol led-ch : )
to all target gases. The predictions concerned specifically the €/€mMents whose development involves coupled-channel matrix
elements of the form

scattering of glyoxal from b He, and AR7~19 A brief
recapitulation of the theory responsible for the quantum sym- e
metry effect is discussed in the first part of this section. Vl”,wt (r,0) =

Additional insights into the AVCC-IOS calculations may be 2 ' "
found in the ogginal paper-19.31-34 y fjg 9,(9) he(@Vi(r,0.0.0)9,-(hi.(¢) d¢ dg (1)
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The integral is over the initial and final molecular states and
the interaction potential(r,q,0,¢) whereg,(q) is the vibrational
wave function in harmonic normal coordinatggandh (¢) is

the molecular rotational wave function. With the sudden
approximation for the slow rotation, the symmetric top wave
function becomes that for the fast rotation only. It is composed
of basis functions that are symmetry adapted to the molecular
plane with the form

hy = coskgly/7(1 + dy) (2a)
hZ = sinkg/v/7 (2b)

wherek is the projection of on the top axig81°

The forbiddance of the®K' = 0 — 7%, K' = 0 channel
derives from the integration overthat requires each element
in the integrand to have definite symmetry with respect to the
plane of the molecul&1° The potential, is necessarily totally
symmetric. The vibrationy; is an out-of-plane mode so that
the vibrational wave function £) is symmetric or antisym-
metric with respect to the molecular plane for even or odd valves
of the vibrational quantum number, respectively. With= 0
in both the initial and final scattering states, the symmetry-
adapted rotational wave function reduces to a constant. Ac-
cordingly, the initial state molecular wave function witi =
0 is symmetric with respect to the molecular plane, whereas
the final state wave function witl; = 1 is antisymmetric.
Integration ovew sets up an evenodd integral that vanishes,
and thus the @ K' = 0 — 7%, K' = 0 scattering channel is
symmetry forbidden.

When the initial rotational state iK' = 0, the AK' = 0
channel would be symmetry forbidden for any evenld
combination ofy; states. More generally, th®K' = 0 channel
is forbidden for an odd change frol' = 0 in any out-of-
plane vibration. The corresponding channel would be allowed
for even—even or ode-odd transitions in these modes. On the
other hand, all in-plane vibrations are necessarily symmetric
with respect to the molecular plane so that the symmetry
restriction would not pertain to scattering transitions in these
modes. For example, consider the in-plane magesnd v;,.

In these cases, rather than being forbiddenAtkie= 0 channel

is actually the most probable in the predictéd-©5 and @ —

12! rovibrational scattering from the initial stat€’ = O.
Unfortunately, the only observed vibrationally inelastic channels
are those withAv7; = +1 so that other experimental tests for
these predictions are out of reach.

The rotational wave function for the final states wikh> 0

contain basis functions from both eqs 2a and 2b and conse-

quently have symmetric as well as antisymmetric components.
Scattering from @ K' = 0 to any state 7 K' > 0 is thus allowed
without symmetry restrictions.

On account of the small asymmetric top character of glyoxal,
one might expect the inelastic scattering cross section&Kor
= 0 channels of the rovibrational scattering discussed above to
be markedly smaller than those fAK' > 0 transitions but not
zero. The asymmetric top character of glyoxal may be expected
to relax prohibitions as extreme as\K' = 0 “selection rule”
even though the symmetric top approximation remains valid
for many other aspects of the inelastic scattering. The actual
“K' = 0" asymmetric top wave function is approximated by
inclusion of symmetric top components wiki = 0. These
components will preclude the integral from vanishing. The
selection rule foAK' = 0 inelastic scattering is thus modified
to a propensity rule.
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Figure 6. Relative cross sections for the rovibrationally inelastic
glyoxal scattering @ K' = 0 — 7%, K' = n by H; (Ecm = 650 and
1170 cnY), by He Ecm = 750 and 1220 crit) and by B (Ecm. =

750 cnl) plotted against the chang&K' in angular momentum
quantum number for the top axis. The plots use the normalized arbitrary
units of Table 2 that allow facile comparison of the inelastic scattering
experiments.

A classical analogy exists for thAK' = 0 rovibrational
restriction. As noted in discussions accompanying the early
glyoxal experiments®2l and the theory/~19 excitations of
rotation about the top axis and of the CHO—CHO torsion
are closely connected. The torsion and rotation are out-of-plane
and in-plane versions of the same motion so that classical
trajectories that excite one will also be most effective in exciting
the other. Thus, the symmetric t&{k = 0 quantum symmetry
restriction also occurs classically in the form of a low probability
for a vibrational transition without rotational excitation.

The predicted\K' = 0 restriction inthe § K' =0— 71, K’
= n rovibronic scattering channels has been explored in the
present work with five distinct experiments. They involve
inelastic scattering of QK' = 0 glyoxal by H, D,, and He at
the kinematic conditions listed in Table 1. The outcome of the
inelastic scattering is given by the relative cross sections for
scattering into the set of channels involving the final stafgs 7
K' = n as plotted in Figure 4 and listed in Table 2.

In Figure 4, the data are plotted separately agaki€t for
each experiment. ThAK' = 0 channel is always measurable,
but it occurs with a cross section reduced by about a factor of
2 from the value of theAK' = 1 channel. By this means, the
display shows that thK' = 0 selection rule has, in effect,
become a propensity rule for reduced inelastic scattering
probability.

An alternative plot of the five sets of cross sections is given
in Figure 6 where a common normalization has been used for
facile comparisons of the rovibrationally inelastic scattering
characteristics. The display shows that the competition among
inelastic scattering channels is similar for all five scattering
experiments. The diminisheddK' = 0 cross section is a
consistent part of this correspondence. All the data are consistent
with a quantum restriction for thAK' = 0 channel.

The close correspondence of the five scattering experiments
suggests that the rovibrational chanoempetitionis relatively
insensitive to variations in the interaction potential energy
surface (PES) or the kinematic factors provided by the different
scattering gases and differing kinematic values. This insensitivity
is similar to that occurring in pure rotationally inelastic scattering
where the cross section distributions for scattering frénk0
= 0 glyoxal by H and those by the full rare gas series are all
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— T . - appropriate for glyoxal, except of course for thK' = 0
Glyoxal 0°K° + H, rovibrational symmetry restriction. The problems with the
detailed shape of the rovibrational cross section distribution have

been noted earliér. 1°

{ o Exp o(vib)
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