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Slow Fluorescence from Perturbed Glyoxal (9 Levels Observed under Collision-Free
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Jet-cooledtrans-glyoxal molecules were excited in tH&, — 'S, transition using a pulsed, narrow-band
(0.10-cn1?) dye laser. Collision-free conditions were ensured using a large nelzder beam distance (27

mm) and low stagnation pressures80 Torr). Spectrally unresolved fluorescence was observed with a
photomultiplier viewing either the excitation region itself or a region of the molecular beam well downstream
(46 mm) from the laser beam. Respectively, detection time windows-6f &d 30-80 us after the laser

pulse were used. In the latter case, the signal intensityv2as 1073 of the former. This is at least 100
times greater than calculated from the knowrgyoxal fluorescence lifetime (24s). However, only certain
isolated rovibronic levels exhibit this anomalously slow fluorescence. The rotationally resolved excitation
spectra of 17 §— S bands were recorded both in the “slow” and “prompt” fluorescence mode. While the
latter showed the usual dense line pattern, the former consisted of much fewer distinct lines, their number
increasing with the excess vibrational energy. The corresponding emitting levels owe their long lifetime to
the partial triplet character of their wave function, due to accidental resonance wstat€ levels. For the

0 and § S, — S bands, the rotational quantum numbers of the perturhdev@ls were determined from

a computer simulation. This is the first state-specific, collision-free observation of the previously predicted
fluorescence lifetime lengthening through intramoleculdf Scoupling in small organic molecules. It could,

in fact, be shown experimentally that in previous reports on the glyoxal phosphorescence excited;in the S
region, collisional effects must have obscured the behavior of the isolated molecules.

1. Introduction Collision-induced intersystem crossing (ISC) S T; in

. . . . glyoxal was studied as early as 1971 by Parmenter’s labora-
The coupling of the excited singlet and triplet states of small tory2 using Hg atomic line and flash excitation. In a later

molecules has been a supject of Interest for many years (re.fswork by the same group, the crossing mechanism was discussed
1-3 and references therein). An especially prominent mani-

festation of this coupling is the quenching of singlet fluores- in terms of the wavefunction mixing between the "singlet” and

cence, induced by collisional transitions into the triplet state “riplet” levels.’ Supsequently, ngperger and co-workers

Glyoxél is a convenient molecule for these studies, because tr-lemade a cqmprehenswe study O.f cplhsmn@lgB/oxal quench-
e ) : ; : - ing,1*15 using pulsed laser excitation and time-resolved fluo-

excitation energies of the first excited singlet and triplet states rescence detection. Again ISC from th, (Sy) to the A

S; and T; both lie in the visible region of the spectrum, at 455 . o Y

. . - (T,) state was shown to be the principal singlet quench
and 52% nm, re_spectlvef‘y.Thls molecule thus ?as a relatively mechanism, through direct observation of the long-lived-T
small singlet-triplet energy gap of~2800 cnil, and conse-

quently, the density of thejvibrational levels in the region of So phosphorescencé. For the particular case oﬁ@excnatlon,

the vibrationless Sstate is low. For this reason, glyoxal has Michel et al. were able to identify well-specified, isolated

served for decades as a prototype of a so-called intermediat(-:g""te"va.y_lev.eIS and t_o demonstrate th? role WhiCh. they play in
P yp dhe collision-induced intersystem crossing (CI ISC) in glydgal.

Steric effects of the collisional;&; coupling in glyoxal have

to the average level spacifg. . o fiat .
Y b 9 also been studiédby means of excitation of specific isomeric

In order to describe the observed intersystem crossing effectsC H.O0— A der Waal | d time- ved
in small polyatomic molecules, the so-called “gateway” theory -2 '2-2 ~f Van der yvaa’s complexes and tme-resolve
was develope&f According to this mechanism, a few isolated measurements of their dephas-m.g. rate con.s'Fants.
rotational levels of the Sstate are perturbed by S/O interaction ~ On the other hand, the possibility of collision-freg-S T;
with accidentally resonant;Tevels. These levels serve as so- (ransitions in glyoxal has received much attention in the past.
called gateways in the collision-induced energy transfer from In a similar moleculg, biacetyl, such intramolecular processes
S to Tr. In glyoxal, state mixing between singlet and triplet had been observed in an early wopkin glyoxal, however, a
rotational levels has been observed under application of a strongS€arch at a qualitative levélshowed no delayed, i.e., phos-
magnetic field, Perturbations in the absence of an external field Phorescence, emission at very low pressuresrTorr), neither
can in principle be observed by means of high-resolution with excitation near the Sorigin nor at higher energy, e.g., at
spectroscopy (see, e.g., ref 8 for the case of pyrimidine). For the vs (b)) mode. Thus the production of tH@, state from
the glyoxal S — S transition, however, high-resolution spectra the 1A, state was ascribed exclusively to “external perturba-

of vibronic band& 11 have given no indication of any:S; tions”, i.e., collisions. Two further investigatio$? also
perturbations on the basis of line shifts. arrived at the conclusion that in glyoxal S- T4, ISC does not
occur in the absence of collisions (at least not in the ordinary
T On leave from the University of Gdak, 80-952 Gdask, Poland. (CHO), molecule; concerning (CD@) the two studies dis-

€ Abstract published ifAdvance ACS Abstractfecember 15, 1996. agreed). Both groups found that after laser excitation of the S
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state, the phosphorescence yield was zero in the low-pressur@equires further study. In neither of the two controversial
limit. Indeed, in ref 20, a special effort was made to search for papers-24are the beam conditions such that collisional effects
the expected slow emission component from couplef ;S could have been discarded a priori. The present work gives
levels. An upper limit of the fluorescence intensity ratig./ the first unambiguous proof ofi8'; coupling in glyoxal under
lorompt < 5 x 1072 was estimated in this particular experiment. strictly collision-free conditions, such as was unsuccessfully
In 1980, Jouvet and Soep employed for the first time searched forinrefs 15, 19, and 20. Moreover, it could be shown
excitation of glyoxal in a pulsed jet instead of a ¢&ll.This that the $— T, transfer observed in ref 24 must actually have
enabled them to prepare thes3ate of this molecule selectively ~been collision-dominated, as it was in ref 21. We were able to
in specified rovibronic levels. Fluorescence and phosphores-Vvary the pressure conditions such that we could trace the
cence excitation spectra were recorded. For the former, transition from the collision-controlled to the truly intramolecular
emission was observed from the Mach bottle zone, i.e., underdomain. Scanning the laser across a given band of the glyoxal
practically collision-free conditions. Phosphorescence was St ~— So transition as in refs 21 and 24, rotationally resolved
observed from the Mach disk region, where the flow velocity €Xcitation spectra were recorded for two detection time win-
is reduced sufficiently for long-lived emission to become dows: (a) using a detection gate of§ following immediately
observable. It was the premise of this work that thesfete is ~ after the laser pulse or (b) integrating the emission over the
populated entirely by collisions from the laser-excitacs@ate, ~ interval At = 30-80 us. At high pressures at the excitation
as concluded by Lineberger et'll.Large cross sectionsisc) region, the two excitation spectra were quite similar. This
were derived. The two types of excitation spectra were found Parallels the results of refs 21 and 24. However, increasing
to be generally quite similar. This indicated the presence of the nozzle-laser beam distance upxc= 27 mm, the “delayed
multiple collisions, since the gateway theory of collisional ISC €mission” excitation spectrum, b, differed greatly from the usual
predicts a cross section proportional to thecBntent of the §  fluorescence spectrum, a. It was generally sparser than spectrum
wave function, which should vary erratically from ong S @ and for some bands consisted of only very few lines. The
rovibronic level to another. In one case, however, anomalously delayed emission, under strictly collision-free excitation condi-
intense spikes in the phosphorescence spectrum gave evidencions, is due to those:Srovibronic levels which are intra-

of an accidental resonance and therefore exceptionally efficientmolecularly perturbed by accidental near-resonance with T
Sy/T1 coupling. levels. The attendant fractional triplet character in the wave

» functions lengthens the lifetimes of these isolatedeSels to
such an extent that their emission can be detected under
detection of long-lived T state molecules. In ref 23, a test cqndlthn b ‘I‘n agreement W'th,,the usage of ref 20, we call
this emission “slow fluorescence” rather than phosphorescence,

experiment done with biacetyl showed that the yields of the ". . . . . -
sensitized (surface-induced) phosphorescence and of the phoss "€ a fairly moderate admixture of triplet character is sufficient

phorescence emission in free flight (up to 48 after the for observation in the delayed time window, given sufficient

excitation) are very closely proportional to each other. This detection sensitivity. In the present work, the type b spectra

observation established the sensitized phosphorescence tech\f’-"ere about 500 times weaker than the ordinary, prompt

nigue as a convenient and reliable means of monitoring the Clgﬁzis\fvzgcsese%eﬁrgf 2’0\’\\:\2;ﬁhaixgé?i'gitggégr?sist:a’tv ﬁlil:;ie;'
population of the T state following $ excitation, be it by Y

3 “ H H ” H
collisional § — T, transfer or otherwise. For glyoxal and two 5% 107" The term “phosphorescence excitation” used in the

related molecules, the branching betweer-ST; transfer and previous studle§ (.., refs $24) describes, as we now know,
S, — S, fluorescence emission was then obtained from a a collision-dominated S— T, transfer. By contrast, the label

comparison of the sensitized phosphorescence and fIuorescencgs’tl)(;\(’avrvfilrllJ0ree;(i::snig(ra1 dlifeé:rtllte?r(:)erg tLoe ?azgrh_Zi':if (;Ikgtel\/\z/:; are
excitation spectra. These spectra differed greatly in the relative . 9 y &

band intensities, indicating a distinct vibrational mode selectivity In any fluorescence, except that this particular level is perturbed,

of the ISC process. For example, the out-of-plane vibrations The slow fluorescence excitation spectra thus map out the

of glyoxal were found to strongly promote the-S T; transfer. intramolecular gateways between thedhd T, manifolds of

— 0
However, the question of the ISC mechanism, i.e., whether it glyo>_(al.| '_:C?r tr:f c?b So Op an? % bands, t_heyl C.OUId ]Peh

is collision-induced or intramolecular, was not explicitly ad- precisely identified by means of computer simulation of the
dressed in this paper. spectra. This then establishes a firm basis for the much

In subsequent work on glyoxal by the same gréttpys point d:sgt:(;lsed gateway-type collisional quenching of thet&te of
was taken up expressly. Here, similar to ref 21, rotationally gy '
resolved fluorescence and phosphorescence excitation spectr
were compared, the main experimental difference being that
now for the latter the sensitized phosphorescence detection was transGlyoxal was prepared by a similar procedure as
used. Apart from an Unexplained intenSity alternation with the described in an earlier wo2. A mixture of g|y0xa| trimer
nuclear spin symmetry of the excited rovibronic level, the two dihydrate and POs (both obtained from Aldrich) was heated
types of spectra across a given band were found to be quiteynder vacuum. This is known to release glyoxal in the form
similar, in agreement with ref 21. Contrary to ref 21, however, of the monomer, which was passed through a stainless steel
it was argued here that the intersystem crossing occurred morejiquid nitrogen trap in which the glyoxal molecules condensed.
or less intramolecularly. To Support this Claim, fluorescence Any remaining gas, such as g|y0xa| decomposition products’

In 1984, the introduction of the “sensitized phosphorescence
technigue by Ito and his groggopened a novel way to efficient

3. Experimental Section

lifetime measurements were made, which gave resutsZ.4 was removed by a mechanical vacuum pump. For further
/JS) identical with the eXtrapolated Zero-pressure lifetime from purification' the g|yoxa| samp|e accumulated in the cold
Lineberger’'s work:* reservoir was sealed off from the source container and from
However, Jouvet and So#mlso obtained this same lifetime  the pump, allowed to warm to room temperature, and cooled
of 2.4 us in their apparatus, yet they assumed that the-S'; again to liquid nitrogen temperature, and any noncondensable

process was exclusively collisional. Clearly the important gases were again pumped off. This cycle was gone through
question of what really causes the-S T; transfer in glyoxal several times, as an extra precaution against impurities. The
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v . ' T . — positioned such that points on the molecular beam axis either
e peteonrsetmbn It e 17 mm or 46 mm downstream from the excitation region were

imaged onto the center of the PM photocathode. Imaging optics
(1:1) was used, consisting of two 50-mm focal length lenses.
No spectral filtering was employed. With the “near” (17-mm)
position of the photomultiplier tube, the observation region
included the excitation zone, owing to the large (46-mm-
diameter) photocathode. In this mode, standard LIF spectra of
the § — S transition were recorded. The “far” (46-mm)
position of the PM tube was used to observe the slow
fluorescence, which is the essential discovery of this work. The
bright, prompt LIF emission from the glyoxal State, having

a lifetime of <2.4 us1%is confined to the immediate vicinity

of the excitation point (extending3 mm downstream). In the
Figure 1. Overview excitation spectrum of the laser-induced long- far PM position, this “prompt’, Int(.anse.llght Cannqt ljeach the
lived emission from jet-cooletransglyoxal molecules. The photo- M cathode, due to the short emitter lifetime. It is important
multiplier tube here was positioned 69 mm downstream from the laser to shield the detector carefully against stray fluorescence light
excitation region. Seed ratio 7 Torr of glyoxal in 145 Torr of Haser from the excitation zone. Only light emitted by long-lived
pulse repetition rate 30 Hz, scan rate 0.02 A/s. The SSR photon counterspecies from points lying between 23 and 69 mm downstream
saturates at about 10 MHz. With the time window ofi#0used here  from the excitation region will then contribute to the signal. At
(from 35 to 73us after the laser pulse), this corresponds to an expected yhe cicylated molecular beam speed of 560 mis, this corre-
saturation limit of 12 000 counts per readout interval of 1 s. The X : '

observed saturation limit is 13500 counts. From the-TS; origin at sponds tC_J a_t'me of ﬂ'_ght of between 40 _and _],(2§)af_ter the

19 200 cmi* (corresponding to 521 nm) up te21 500 cni* (465 nm), laser excitation. Precisely defined detection time windows for
the spectrum shows the laser-induced phosphorescence (LIP) emittedhe two observation modes were provided by electronic gating
from T, levels. Surprisingly, intense long-lived emission is also observed of the photon counts. For the near and far positions of the PM
near the $— S origin, on the right. It is due to Slevels having tube, the gate was open from O tou8 and (with empirical
partial T; character and thereby emitting slow fluorescence. The quasi- optimization) from 30 to 8@s after the laser pulse, respectively.
continuum underlying the :S— & 08 band (here greatly exaggerated, Since the prompt S— S fluorescence is very intense, the laser

due to saturation of the peak intensity) is not understood. It includes
P Y) beam was for these measurements attenuated by a factor of

S, — S hot bands but appears to contain other contributions, possibly . s -
from glyoxal dimers.cis-Glyoxal, whose $— S, 02 band would 1075—-1078, using neutral density filters, in order to prevent the

appear at 20 500 cr28 can be seen to be absent in the sample used. Photon counter from being saturated. The slow fluorescence
is weaker by 3 orders of magnitude. The laser beam here was

sample was stored for up to 2 weeks, substituting the liquid attenuated by a factor of 181075

nitrogen by thermoelectric cooling using a photomultiplier tube

housing (Products for Research, Model TE 104). This provides 3 Results

a stable temperature of —30°C (manufacturer’s data). Under
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these conditions, the glyoxal vapor pressure wasiDTorr,
suitable for the experiments.

Figure 1 illustrates qualitatively the experimental finding
which led to the present study. In the course of a systematic

The molecular beam/laser arrangement used in this work hasstudy of direct laser excitation of the glyoxad tate?® the laser

been described in detail in our earlier work on pyrimidifé’
The glyoxal vapor from the reservoir 10 Torr was seeded

in ~70 Torr of Ar and expanded through a pulsed nozzle (1-

mm diameter, pulse length 258, repetition rate 10 or 30 Hz).

frequency was scanned from the onset of phosphorescence, at
the T, — S origin, to the region of the S— S transition.
Undispersed emission was detected by a photomultiplier posi-
tioned 46 mm downstream from the exciting laser beam so that

Downstream from the nozzle (27 mm), the glyoxal molecules only the long-lived phosphorescence was observed. This setup
were excited by an excimer-pumped dye laser beam (Lambdais identical to that used by us in measurements of the laser-
Physik, EMG 202 MSC and FL 3002 E). In some cases, a induced phosphorescence (LIP) excitation spectra of pyrimidine
distance of 7 mm between nozzle and excitation zone was usedand pyraziné® and is a slight variation of the arrangement used
The laser was operated with the dyes coumarine 2 and earlier by Pratt and co-workeéps03Xor similar LIP experiments
coumarine 102, providing pulses in the 4460-nm wavelength on glyoxal. With improved detection sensitivity, we observed
region, synchronized with the nozzle (bandwidtf.10 cn1?, a very large number of vibrational bands in the State (see
pulse energy 415 mJ, which was appropriately attenuated to Figure 1, in the region below21 500 cnT). Their detailed
avoid detector saturation). In the measurement of the LIP T analysis is in preparatioff. The high sensitivity enabled us to
— S excitation spectrum shown in Figure 1, the dyes coumarine follow the T; vibrational excitation to much higher levels than
120 and coumarine 307 were used additionally, in order to was done in ref 30. The average intensity of the bands
extend the excitation region up to 525 nm. Undispersed laser-decreased sharply in going to shorter laser wavelergthsch
induced emission was observed by a cooled photomultiplier, more than is apparent from Figure 1, since the bands on the
and excitation spectra were obtained by scanning the laser andeft of the figure are strongly saturated. However, contrary to
storing the photon counts in a multichannel data acquisition this decreasing trend, strong emission set in again at abdut
system (CMTE-Fast MCD/PC). For the high-resolution spectra = 2770 cnt! above the T—  origin, close to the §—
shown below (Figures-37, 9, and 10), the laser was scanned threshold. It is obviously related to; &xcitation, although it
very slowly (~0.025 cnt¥/s), and data were read out at intervals cannot be the ordinary short-lived & 2.4 us) fluorescence
of1s. which does not contribute at the observation point chosen in
The photomultiplier tube (EMI 9829 QGA) was placed inside this particular experiment. This finding represents the first
the vacuum chamber complete with its thermoelectric cooler observation of the slow fluorescence in glyoxal, which was
housing (Products for Research, model TE 104) and preampli- previously unsuccessfully searched for by other grd@gsin
fier/discriminator (PAR, Model SSR 1120). The tube was our experiment, it appears with very large intensity, about 25
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Figure 2. Overview excitation spectrum of the laser-induced short- 200

lived S, — S emission from glyoxal. The photomultiplier tube viewed 100 i ]
the excitation zone directly. The 17 bands for which slow and prompt w )
fluorescence was observed at high resolution are labeled. At the top, 0

the bands shown in the respective figures are marked, in order of e
increasing excess energy over thedsigin. The laser repetition rate 200 | (d) prompt |
here was 10 Hz; the observation gate was from 04s @fter the laser H X =7mm
pulse. This corresponds to a saturation limit 25 times less than in Figure 100 - ]
1, which is consistent with the observed relative cutoff (635 vs 13500
counts/s).
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200 times that of a typical LIP band (in Figure 1, the region 21950 21960 21970 21980 21990 22000
near the $— S origin is again heavily saturated). We therefore Wavenumber [cm']

decided to study the long-lived 8lyoxal states systematically Figure 3. High-resolution excitation spectra of the S S, origin

and. with hlgh resolution. . band (ﬁofjet-cooled glyoxal. Seed ratio 12 Torr of glyoxal in 75 Torr
Figure 2 gives an overview of the glyoxal S- S bands, of Ar. Laser repetition rate 10 Hz, scan rate 0.006 A/s. (a) Slow
excited in the usual laser-induced fluorescence (LIF) scheme.fluorescence, selected by positioning the photomultiplier tube 46 mm
Thus, the photomultiplier here was positioned such that it viewed downstream from the excitation zone. (b) Prompt (total) fluorescence,
the excitation region directly. Again, most of the bands are as observed viewing the excitation zone directly. (c and d) Slow and
heavily saturated. This spectrum is shown here only for general PFOTPt LIF excitation spectra as in a and b but for a much shorter
. - N . o nozzle-laser distancex as indicated. Due to the different molecular
O_r'entat'on' indicating Fhe "?‘?a“F’” of the specific bands to be beam densities, as well as different laser attenuation used for prompt
dISCUSSEd belOW. The |dent|f|cat|on Of the |abe|6d bandS fO”OWS and slow |_||:7 none of the ordinate scales can be directly Compared.
ref 32. An estimate of the intensity ratio of the highest peaks in spectra a and
Figures 3-6 show high-resolution scans of seven selected P, from the count rates and the attenuation factors, issb470. Note
S, — Sy bands (out of the 17 bands, labeled in Figure 2, which the complete dissimilarity of spectra a and b, indicating the special

were studied in this way). The emphasis is in each case on theintramolecular effects which enable certain lines to appear in the “slow
Y): P LIF" condition. By contrast, the differences between “slow” and

juxtaposition of the ordinary prompt LIF and the slow LIF  «;rompt LIF are largely eliminated at = 7 mm, panels ¢ and d.
excitation spectra, as recorded with the photomultiplier in the Here, collisional effects obscure the intramoleculdScoupling, as
near and far positions, respectively (see section 2). was apparently also the case in previous Wotk(see text).

For the @ band, Figure 3 gives two such spectra in the top into the S wave function and thereby lengthens the lifetime of
two panels. They were recorded with the nozzle far removed that particular $ level. An “erratic?! dependence of this
from the laser excitation zon& & 27 mm), in order to ensure  intramolecular coupling on the rovibronic level, such as we are
truly collision-free flight of the excited molecules up to the observing, was, in fact, predicted in ref 21 but was not found.
detection region. The prompt fluorescence spectrum (b) showsUnlike the present work, in both refs 21 and 24, the excitation
the typical rotational band contour of a perpendicular c-type spectra of the long-lived species closely resembled the common
band (cf. the spectrum simulation, section 4). It agrees well LIF spectra: The phosphorescence excitation spectrum in ref
with an § — & 08 absorption spectrum reported earfler, 21, Figure 2B, was found to be “almost identical” to the
except that in the latter case the rotational excitation was thatfluorescence excitation spectrum, Figure 2A, and also in ref
of the room-temperature sample. The central section of Figure 24, there is a great similarity between the (sensitized) phos-
3b can also be compared with the high-resolution fluorescencephorescence and the fluorescence excitation spectrum (Figure
excitation spectra given in refs 21, Figure 2A, and 24, Figure 1b vs la in ref 24).
la. In both cases, the overall structure is similar to that shown As explained in the Introduction, collisional effects could be
in Figure 3b, although the rotational temperature was lower in expected to have played a role in the earlier wdrkl We
refs 21 and 24 due to the much higher expansion pressures usedthecked this possibility by deliberately raising the pressure in
Our slow fluorescence spectrum, Figure 3a, is seen to bethe excitation region. With the nozzidaser beam distance
profoundly different from the ordinary, prompt LIF spectrum, decreased from 27 to 7 mm, the measurement of slow and
Figure 3b. It is much less dense, and the line pattern appearsprompt fluorescence excitation spectra was repeated under
chaotic compared to the well-ordered groups of lines in the otherwise identical conditions; see Figure 3c and 3d. The about
standard LIF spectrum. We attribute this to the presence of a 15 times increase in pressure has no effect on the prompt LIF
small number of accidental coincidences between isolated S spectrum, as a comparison of Figure 3d with 3b shows. The
and T; rotational levels. S/O coupling mixes somgcharacter effect on the slow fluorescence spectrum, however, is dra-
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Figure 4. Slow and prompt fluorescence excitation spectra of the Figure 5. Same as Figure 4, for the él% and the ébands. The
73 (top) and % (bottom) bands. The excess energies are 463 ¢on respective excess energies are 615 and 735.ciihe intensity ratio

75 and 509 cm! for 55, Experimental conditions as in Figure 3, aand Of the highest peaks in the slow and prompt spectra can be estimated
b. The intensity ratio of the highest peaks in the slow and prompt spectra from the count rates and the attenuation factors as prompt/sl@s0
can be estimated from the count rates and the attenuation factors ador 125 73 (top) and 650 for @(bottom).
prompt/slow~ 1600 for 7 (top) and 1700 for 5(bottom).
denied. In fact, the figure of merit = x3/(pd?) (x = distance

matic: Figure 3¢ shows that the slow SpeCtrUm is now much of laser beam from the nozz|p’= Stagnation pressurdy:
more similar to the prompt spectra, Figure 3b or 3d, than to the nozzle diameter) is somewhat smaller in their experime¥nt (
collision-free slow spectrum, Figure 3a. It exhibits now the 7 par?) than in Jouvet and Soep’¥ ¢~ 200 bar?). In the
characteristic red degradation and pattern of band heads in theyresent experiment, the critical parameter Was 6700 bar?,
central part, as well as the compact, dense “blocks” of lines in for the distancex = 27 mm typically used. Only in the test
the right-hand part of the spectrum. There are only some tracesexperiment withx = 7 mm (Figure 3¢ and 3d) wa¥ ~ 450
left of the unadl_JIterated slow fluorescence spectrum,_ Figu_re 3a,parl Thisis still greater than in either ref 21 or 24; therefore,
e.g., the superimposed group of the three strong lines in thejt is certain that in the two earlier investigations, the collisional
center, and another three lines near the right-hand end of thegfiects were completely dominant.
spectrum. : . . :

We consider this to be experimental proof that in both of the b Flé:jures 4 5’dind Etshshew h|gh-resoll(1jt|on fscans c:jf. six other
earlier studies, refs 21 and 24, collisional effects must have been ands, grouped 10getnern pairs, In orcer of ascending excess
responsible for the dense appearance of the phosphorescenc%ne_rgY' In each case, the slow and prompt fluores_cence
spectra. Following the laser pulse, the excitation energy was excitation s.pectra are shovyn for a.nozzle/ laser beam drsrance
largely randomized within the;State by collisions. This will of 27 mm, 1.€., corr_espondlng to Figure 3a and 3b (coII_|S|qn-
give almost any laser-excited level an equal chance of com- free conditions). Figure 4 shows the two-quantum excitation
municating with one of the few &, gateway levels and, of the7 acetyl group torsional model(aymmetry) and of the
thereby, acquiring a long lifetime. The phosphorescence ¥5 (_:_C:O bending m_ode (totally symmetrlcg)e Both are
excitation will then track closely with the primary Sxcitation ~ WPical c-type perpendicular bands. The density of the slow
probability, as reflected by the fluorescence. Under these fluorescence lines is considerably greater tha_n in Figure 3a. This
circumstances, it is not possible to identify the gateway levels 1S @S €xpected, since the density of accidental resonances
from the excitation spectrum. It is informative to compare the Petween $and T levels should increase rapidly with the excess
nozzle expansion parameters of the three experiments. Jouvegnerdy. The slow fluorescence of thg &d 7 bands was
and Soep! used a very small (3am-diameter) nozzle, but examined for its pressure dependence similarly as is shown in
upwards from 10 bar of stagnation pressure, and the excitationFigure 3c for the fband. Again it was found that the density
region was only a few millimeters from the nozzle exit. Kamei Of lines increased markedly upon decreasing the distafrcen
et al2* worked at lower pressures (4 atm) and a larger distance 27 to 7 mm, and the overall contour of the slow bands became
from the nozzle (15 mm) but used a 8@M-diameter nozzle. ~ much more similar to that of the respective prompt bands. This

They do admit that the possibility of soft collisions cannot be shows that, as in the case of th& land and no doubt quite
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Figure 7. Simulated slow and prompt fluorescence excitation spectra

(a and d) compared with the corresponding experimental results (b and
¢, reproduced from Figure 3a and 3b, respectively). For details of the

simulation, see the text.

@band is shown in Figure 7d. For greater ease

of comparison, the corresponding experimental spectrum, Figure
3b, is reproduced in Figure 7c. It is seen that the calculated
band contour matches the observed spectrum very well. The

generally, extreme care has to be exercised if collisional effectsonly adjustable parameters in the simulation were the line width

on the long-lived emission are to be avoided.

Figure 5, top, shows the combination band ofth@,) mode
with the v12(by) C—C=0 bending mode, having overallyb
symmetry. The band contour is that of an a-type parallel band.
The & band shown in Figure 5, bottom, lies at a still
somewhat higher energy (cf. Figure 2). It corresponds to
excitation of the h C—H wagging mode, and the contour is of
the a+ b type, showing the characteristics of both parallel bands
(the central minimum) and of perpendicular bands (e.g., the
blocks of lines on the blue side). The density of slow
fluorescence lines is moderately high in both spectra.

Figure 6 shows the; C=O0 stretch excitation (Symmetry)a
and the combination band ef with the totally symmetric €C
stretch vibration,ys. The former is c type, the latter & b

and the rotational temperature. The experimental line width
was adjusted, from a best visual fit, to be 0.12¢por 3.6
GHz. The Doppler width alone is estimated to contribw2
GHz. The laser bandwidth itself must then+8 GHz, or 0.1
cm! (estimated fromAv = (Avpoppie? + Aviase?)V?). This is
much better than the typical laser bandwidth specified by the
manufacturer. The rotational temperature was chosehas

= 15 K in the case of thegooand, Figure 7, so as to give the
best overall fit of the band contour.

It is noteworthy that it was possible to simulate the entire
spectrum using a single rotational temperature. This is in stark
contrast to the results reported in ref 11, where very different
Tt Values were obtained for lines belonging to differént
values. According to that worl; varied from 1.2 to 20 K in

type. Both lie at rather high excess energies, and correspond-90ing fromK =0 and 1 toK = 12—15. Itis likely that in this

ingly, the density of slow fluorescence lines here is very large.

4. Discussion

4.1. Spectrum Simulation. For a quantitative analysis and
identification of the slow fluorescence lines, some of the spectra

experiment, the rotational relaxation during the expansion was
incomplete, since the laser excitation region was located very
close (1 mm) to the 5@m nozzle. Although the authors claim
that this was “outside the collision region” (despite the high
stagnation pressure of 10 bar of He used), their results suggest
strongly that only molecules in low-levels were approximately

were computer simulated. As a first step, simulations of the fully relaxed. The highK states, on the other hand, apparently
ordinary prompt fluorescence excitation spectra were done, usingdid not reach the equilibriunT,,.. Considering the prolate
the program ASYSPEC. It calculates rotational line positions symmetry of the glyoxal molecule, it is quite plausible that the
and line strengths for singlesinglet vibronic transitions in cross section for rotationally inelastic collisions is significantly
asymmetric top molecules, excluding nuclear spin statistics. The smaller if the axis of rotation is close to the figure axis, i.e., for
experimental line width was taken into account. The rotational highK states.

constantsA, B, C, D;, andDk of the glyoxal $ and S states, Having verified that the computer program can indeed
as well as the vibronic origins, were taken from ref 10. The reproduce the experimental results, we proceeded to simulate
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22000 ] lines sharing the same assumed upper state level was calculated.
1 Then the requirement for the correct assignment wasatat

] these lines be actually observed with an appropriate intensity

ratio. In this way, it was straightforward, although tedious, to

eliminate all false assignments among the candidates initially

considered. This procedure led to the results compiled in Table

1 for the @ band. Ten long-lived rovibronic levels could be

uniquely identified with regard td' andK,. Moreover, the

guantum numbeK¢, typical of an asymmetric top, could be

determined for all levels withky < 2. An ambiguity ofK/

remains only for levels havindky = 4. Here the levels

belonging to the two possibl&: values are very nearly

degenerate, both in the 8nd S states, especially since glyoxal

is an only slightly asymmetric rotor. In these cases, the entire

group of lines calculated for the same upper state level agreed

with the observed line pattern for both possiilévalues, within

the experimental line widths. Th&. alternatives could

therefore not be distinguished. ThE and K levels are

1 distributed over the rangels = 1-20 andKy = 0—7, with no

7 apparent regularity. It is useful to relate this to the thermal

] distribution of theJ and K, levels in the ground state. This

3 can be assessed from th&)cqc values given in Table 1. We

compare, for example, the Q( AK = +1 lines forKy = 1

(i.e.,Kq' = 0). From Table 1, th&(T)carc values ford = 4, 12,

4 1 17, and 20 are 53.3, 22.4, 3.9, and 0.4. This indicates the

1 experimentally accessible range and shows that the observed

7] gateway levels cover it rather uniformly. Similarly, from Table

K.=0 K,=1 K,=2 K,=3 ] 2, the correspondintT)cac distribution forJ=1, 5, and 15 is

] 4.2,12.8, and 9.1.

Figure 8. Schematic rotationgl level diagram of the slightly asymmetric With this information, it was then possible also to simulate

rotor glyoxal $ and S. Ka is the projection of the total angular  he slow fluorescence spectra. Contrary to the prompt fluores-

momentund onto the “long” axis (O-C—C—0) of the molecule. Due . . P . C .
to the slight deviation from a prolate symmetric top, all levels gh cence simulation, the emission intensity distribution in this case
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> 1 are split, the indeX indicating the projection o on thec axis was not simply determined by the relative population of the
in the limiting case of an oblate top. Alternative designationskarg emitting levels, as derived from the ground-state thermal
for Ko andK; for K. The selection rules for the perpendicular electronic  distribution and the relative absorption probabilities. Although
transitionnz* *S;(*Ay) — 'So(*Ag) areAd = 0, £1, AKa = £1, AKc = these latter factors do enter in the same way as for the prompt

0, +2, allowing up to six transitions into a given upper state level. i orescence, the decisive additional parameter is the fractional

the slow fluorescence spectra. The only, but decisive, diﬁerencelt_;'ptl.et clharat?]ter' of tt]rﬁ' etm't;[";g C:e\{e:s, V\.'h'Ch corg.ttrolsh.thﬁ
was that the emitting levels were now no longer populated ifetime lengthening. IS triplet admixture 1S a quantity whic

according to a Boltzmann distribution. In the case of the slow at present cannot be calculated ab initio. The analysis described

fluorescence spectra, only a few excited state rotational Ievelsa.bove yields qnly a complete characterization of the emitting
contribute, namely, those that possess an anomalously longSiN9I€t [evels, in terms of quantum numbers and term energy.
lifetime through accidental wave function mixing with the T he dark triplet I.evels to which they are cou.pled are, howeyer,
state. For any given.Sevel, the probability will be small that ~ NOt known, nor is the strength of the coupling. The coupling
a T, level lies nearby (within the width of the S/O matrix stre_ngth depend_s_ not only on th? S/ matrix e_I(_ament but
element) and fulfills the selection rules for intramolecular S/O _part|culgrly sensitively on the precise relat_lve position O.f the
coupling. Thus, only a small fraction of all laser-excited S interacting energy levels. In_the region of fairly high V|brat_|onal
levels will actually have an appreciable admixture of T excitation _W|th|_n the '[mamfold consu_nlgred here, the tnplet
character in their wave function. Correspondingly, the slow '€Vl density will be very high. In addition, the spectroscopic
fluorescence spectra will consist of a small fraction of the lines Information on 'k glyoxal is limited. For these reasons, the
making up the full, prompt fluorescence spectra. This sample exact T, levels resp_onsm_)le fo_r_the slow fluorescence observed
will have a quasi-random distribution of the rotational quantum here have to remain unidentified.
numbers as well as of the intensities. The slow fluorescence emission intensity from each mixed
Comparing the observed slow fluorescence rotational line Si/T1 level was represented in the simulation by a separate fit
positions with the simulated spectra, it is possible to identify parametefy. It relates the observed, “slow” intensitiés, to
precisely those particular; Sovibronic levels from which the  the theoretical intensitielsai, as calculated without regard for
long-lived fluorescence originates. Due to the high density of the randomly varying £T; coupling strength. Thus, in the case
rotational lines in the simulated spectra, there are, however, of the Cg band, 10 such numbefshad to be determinedy is
typically 5—-10 calculated lines which fall within the experi- obtained as the average of the individual ratos lexy/lcaic for
mental 0.12-cm! width of each observed slow fluorescence each line of the multiplet; see Table 1. Hegg, is given as
line. In order to select the correct assignment out of these the integrated line intensity, in units of counts times wave-
various possibilities, one takes advantage of the fact that up tonumber. (A typical line width 0fz0.12 cnT?! covers about 5
six transitions exist which lead from the ground state into a data points in the high-resolution scan mode; see section 2.)
given upper level. This is illustrated in Figure 8. For each of The calculated intensitygai, listed in Table 1 is the result given
the 5-10 trial assignments, the entire multiplet pattern of such by the computer program for the rotational temperature derived



Slow Fluorescence from Perturbed Glyoxal Levels

J. Phys. Chem. A, Vol. 101, No. 4, 199747

TABLE 1: Long-Lived Levels in the Vibrationless Glyoxal S; State and the Corresponding Observed Lines in the S— &

Excitation Spectrum

emitting levet AJd AKa AKP TexpCCML Vea CMTL lgpdcts enmt 1(T)caie® rel units A y9
J=11,K, =4,K =7 (8) R(10) +1 0(0)  21990.03 21990.07 38.9 35 11.1
Q(11) +1 -—2(0) 21986.67 21986.68 42.3 2.7 15.7
P(12) +1 —2(—2) 2198297 21982.99 8.6 0.54 159 15
R(10) -1 +2(+2) 21963.02 21963.02 1.1 0.05 (22)
Q(11) -1 0(+2) 21959.61 21959.64 10.6 0.19 55.8*
P(12) -1  0(0) 2195592 21955095 7.3 0.16 45.6*
J=14K,=4,K/=10(11) R(13) +1  0(0) 21990.61 21990.64 15.1 1.4 (10.8)
Q(14) +1 —2(0) 21986.32 21986.33 13.8 1.1 12.5
P(15) +1 —2(-2) 21981.71 21981.71 6.8 0.23 (29.6) 15
R(13) -1 +2(+2) 2196351 21963.60 0.68 0.03 (22.7)
Q14 -1 0(+2) 21959.28 21959.30 1.6 0.08 20
P(15) -1  0(0) 21954.65 21954.68 1.8 0.05 (36)
J=17,K{ =1,KS =17 Q17) +1 0 21973.19 21973.27 68.1 3.9 17.5
R(16) -1 +2 21971.40 2197150 26.7 0.46 (58.0)18
Q17y -1 +2 21965.95 21966.03 7.9 0.45 17.6
P(18) -1 0 21960.73 21 960.76 10.4 0.26 (40.0)
J=12,K{ =5K;=7(8) R(11) +1 0(0) 21994.72  21994.77 16.0 0.95 16.8
Q(12) +1 —2(0) 21991.02 21991.08 20.5 0.64 (32.0)
P(13) +1 —2(-2) 21987.05 21987.08 4.2 0.11 (38.2)17
R(11) -1 +2(+2) 21961.08 21960.97 0.35 0.006 (58.2)
Q(12) -1  0@2) 2195725 21957.28 2.5 0.02 (106.5)
P(13) -1 0(0) 21953.22 21953.28 2.9 0.02 (136.2)
J=12,K{ =1,KS/ =12 Q(12) +1 0 21974.10 21974.18 70.0 22.4 3.1
R(11) -1 +2 21970.98 21971.05 9.3 25 3.7 35
Q(12) -1 +2 21967.23 21967.29 14.1 3.9 3.6
P(13) -1 0 21963.35 21963.37 10.9 2.2 (5.0)
J=4,K{=1KS =4 Q4) +1 0 21975.00 21975.11 74.7 53.3 1.4
R(3) -1 +2 21969.48 21 969.58 3.8 25 1.5 1.45
Q4) -1 +2 21968.26 21 968.34 15.1 11.9 1.3
P(5) -1 0 21966.74 21 966.81 17.4 11.0 1.6
J =20,Ki{=1,K/ =19 R(19) +1 0 21 980.99 21981.02 9.8 0.4 245
P21 +1 -2 21968.56 21 968.59 2.0 0.11 (18.2)
R(19) -1 +2 21973.47 21973.54 2.2 0.19 (11.6) 25
Q00 -1 0 21967.77 21967.79 5.9 0.2 (29.5)
P(21) -1 0 21 960.73 21 960.79 10.4 0.08 (130)
Y =12,K, =7,K =5 (6) R(11) +1  0(0) 22004.45 22004.53 2.5 0.05 50
Q(12) +1 —2(0)  22000.83 22000.84 1.6 0.02 80 65
J=16,Ks=5K; =11(12) R(15) +1 0(0) 2199551  21995.49 1.2 0.2 6
Q(6) +1 —2(0) 21990.61 21990.56 15.1 0.2 (75.5) 6
J=17,K{ =2,K/ =16 R(16) +1 0 21983.78 21983.76 10.5 1.2 8.8
Q17)y +1 0 21976.64 21976.74 3.1 1.3 24
P(18) +1 -2 21973.19 21973.24 ? 0.30 (?) 6
R(16) -1 +2 21969.26 21 969.31 0.4 0.21 1.9
Q7)) -1 +2 21964.01 21 964.07 1.3 0.31 4.2
P(18) -1 0 21958.45 21958.54 1.2 0.14 8.6

aK, values in parentheses are alternatives which are experimentally indistinguighBiievalues in parentheses refer to Kaevalues given
in parentheses in column 1Vacuum wavenumbef.Area under the line profileét Line intensity calculated for a temperatuFesee the text)y
= lex/I(Tcae  Values in parentheses are uncertain because of line blends. Values marked with an asterisk are numerically uncertain because of a
very small value ofl(T)cac 9 for each emitting level, averaged over the values listed in the preceding column with the exception of those in
parentheses or marked with an asterisk.

from the prompt fluorescence spectrum (15 K in the case of reason. Maybe here, too, unidentified underlying line compo-
the (8 band). nents are present. In determining the averagéor each

In order to be able to transfer tig, value measured in the  multiplet, only the strong observed lines were utilized. Weak
prompt fluorescence spectrum to the corresponding slow or blended lines, as well as lines with largg, but smalllcaic
fluorescence spectrum, one has to be certain that is (i.e., with an abnormally largg value), were excluded from
reproducible for different experiments on the same band. the averaging. A comparison of tfyevalues obtained for each
Changing between fast and slow detection involves repositioning multiplet indicates qualitatively which emitting levels are
the photomultiplier and, hence, breaking the vacuum. After particularly strongly coupled to the; manifold. A large value
turning the gas flow off and on again, it is difficult to reset the of ¥ corresponds to a relatively large admixture @ficharacter
glyoxal and seed gas pressures precisely. However, identicalinto the § wave function.
Trot Values were obtained in repeated test runs on the prompt The simulated slow fluorescence spectrum of t@eb@nd
fluorescence of a given band, despite the possibly slightly was finally obtained by superimposing, with the relative weights
different expansion conditions. y, the calculated line patterns of the 10 contributing multiplets.

The ratiolexflcac = y given in Table 1 is subject to large  The result is shown in Figure 7a. For a convenient comparison,
experimental uncertainties. Within each multiplet of up to six in Figure 7b, the experimentally determined slow fluorescence
lines, y should be the same for each line. This is not what is spectrum from Figure 3a has been reproduced. It can be seen
found. In some cases, marked by an asterisk, the line appearshat the result is very satisfactory. It fully confirms our
to be blended, judging by its broadened or asymmetric profile. assignment of the 10 rotational levels of glyoxal in the
In other casesy is exceptionally large for no such obvious vibrationless $state which have an anomalously long lifetime.
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TABLE 2: Long-Lived Levels in the vs Vibronic Level of the Glyoxal S; State and the Corresponding Observed Lines in the S
— S Excitation Spectrum?

emitting levet AJd AKa AKP TexpCCML o €L legpdctsenm  1(T)cae rel units A y9
J=5Ki=1,K' =5 Q(5) +1 0 22483.94  22483.98 98.8 12.8 7.7
R(4) -1 +2 22478.69  22478.75 13.7 1.0 (13.7) 10
Q(5) -1 +2 22 477.14 22477.21 47.7 4.0 11.9
P(6) -1 0 2247528  22475.37 16.5 35 4.7
J=1K/=1,K/=1 Q1) +1 0 22484.14 22484.18 61.5 4.2 (14.6)
P(2) -1 0 22 476.72 22 476.80 38.8 2.9 13.4 13
J =10,Ky =0,K; =10 R(9) -1 +2 22 482.93 22 482.98 64.3 5.4 11.9
Q(10) -1 0 2248050 22 480.54 138.1 134 (10.3) 9
P(11) -1 0 22 476.33 22 476.40 33.5 54 6.2
J=11,K{=2,K/ =9 R(10) +1 0 22 490.38 22 490.41 46.1 4.6 (10.0)
Q11 +1 -2 22 487.77 22 487.79 82.7 4.8 (17.2)
P(12) +1 -2 22483.16  22483.21 ~30 2.1 15) 8
R(10) -1 +2 2247714  22477.22 ? 1.0 ?)
Q1Y) -1 0 2247375  22473.84 19.3 2.8 6.9
P(12) -1 0 22 470.03 22 470.14 17.4 1.9 9.2
J=15K,=1,K/ =15 Q(15) +1 0 2248253  22482.59 116.7 9.1 12.8
R(14) -1 +2 22 480.25 22 480.29 ~20 1.2 t17) 13
Q15 -1 +2 22 475.45 22 475.53 ~10 1.8 ¢6)
P(16) -1 0 22 470.65 22 470.78 16.7 1.2 13.9
J=6,Kdi =4,K=2(3) R(5) +1 0(0) 22497.71  22497.71 61.3 4.1 15.0
Q(6) +1  —2(0) 22495.86 22 495.86 63.2 2.3 275
P(7) +1 —-2(-2) 22 493.71 22 493.71 13.5 0.4 33.8 22
Q(6) -1 0(2) 22468.68 22468.82 11.7 0.5 23.4
P(7) -1 0(0) 22 466.52 22 466.66 145 1.2 12.1
aFor the footnotes, see Table 1.
5, band band. This difference is certainly outside the error limits of
N — ﬁ?ﬁ N the simulation. Itis also not an experimental artifact, since for
1000 [ (@ slow 7 repeated measurements of the same bang,was always
r simul. 4 reproducible (see above). One explanation might be that the
500 L ] rotational line strengths (Hb—London factors) are somewhat
L L l ] different for bands of different vibronic symmetry.
0 A ﬂ ‘ l ) The slow fluorescence excitation spectrum of tfjéand is
L L A I shown in Figure 9b. It exhibits a much greater number of lines
(o) :L‘:)W ] than the corresponding spectrum of th&k@nd, Figure 7b.
3 This is due to the excess energy over th@®in in the former
case. Atthe higher energy, the level density in thenanifold
is much greater, and far more possibilities for S/O coupling
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Figure 9. Same as Figure 7, for theé Hand. The experimental

spectra, b and c, here are reproduced from Figure 3, bottom half. The

“slow” simulation is incomplete.

between $ and T, levels exist. Figure 9a shows a partial
simulation of the experimental spectrum, Figure 9b. In view
of the complexity of the latter, a complete simulation, such as
was almost achieved in the case of tf*geb@nd (Figure 7a),

was not attempted here. With the much greater line density in
the present case, ambiguous assignments are more frequent.
None of these were admitted among the final results. Neverthe-
less, most of the principal features have been identified correctly.
The analysis includes in this case 6 upper state levels and 24
lines, as listed in Table 2.

Simulations of the prompt and the slow fluorescence were
also done for the ¥band but are not shown here. The former
was of similar quality as for theotand 5 bands (Figures 7d
and 9d), and yielded,, = 25 K. The experimental slow
fluorescence spectrum is quite dense, similar to that of ghe 5
band, Figure 9b (compare Figure 4, top and bottom half). In
this case, however, even a partial simulation met with difficul-
ties. It was not possible to identify multiplets of lines which

It is also seen that this set of 10 levels encompasses the greaglearly belonged to the same upper state level. There is no
majority of the perturbed:Sv = 0 levels, since they can account
for practically all significant features of the observed slow
fluorescence spectrum.

obvious reason for this.
4.2. Relative Fluorescence IntensitiesIt may be useful
to give some indication of the relative intensities of the 0

A similar analysis was performed for the prompt and slow bands of (a) the T— S LIP excitation spectrum (Figure 1),
fluorescence spectra of the% Yibrational band, Figure 4, (b) the slow LIF excitation spectrum (Figures 1 and 3a), and
bottom half. The results are shown in Figure 9, in the same (c) the prompt LIF excitation spectrum (Figure 3b). Regarding
format as Figure 7. The prompt spectrum was simulated usinga and b, Figure 1 does not give the correct relative intensities
a rotational temperature of 30 K, twice the value for tlﬁe 0 because of the signal saturation. However, in another experi-
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ment carefully checked for saturation effettthe LIP excitation
spectrum of the T— & 08 band was observed at high
resolution. Comparing the count rate of the highest peak in
the spectrum with that for the corresponding high-resolution,
saturation-free slow LIF spectrum in Figure 3a, each normalized

J. Phys. Chem. A, Vol. 101, No. 4, 199749

the first time the truly collision-free, unimoleculan S~ T,
radiationless transitions. In ref 23, the possible contribution of
collisions is not explicity commented on, but the experimental
conditions were similar to those used in ref 24, where we have
shown above that collisional effects were dominant, at least as

to the respective laser pulse energies, one finds an intensity ratiofar as the rotational structure is concerned. The nezaser

b/a~ 25. The intensity ratio c/b can be derived from the data
shown in Figure 3. Taking into account the attenuation by filters
placed in the laser beam (6 10~ for Figure 3a, 5x 1078 for
Figure 3b), an intensity ratio c/b- 470 is obtained for the
respective highest peaks. This value is typical; for all 17
investigated $— S bands with 2 exceptions, the intensity factor
between the prompt and slow emission was on the order of 250
650, without any regularity.

The exceptions are the; &and 5 bands, where the corre-
sponding ratios of the prompt and slow fluorescence intensities
were 1600 and 1700, respectively. The deviation from the
average for the other 15 bands is, however, not significant, in
view of the fact that all stated intensity ratios refer, somewhat
arbitrarily, only to the highest peaks in the spectra; the very
different line densities and structure of the slow and prompt

beam distance used in ref 23 was, in fact, smaller than in ref
24 (10 vs 15 mm, with otherwise identical expansion conditions)
so that collisional effects must have been even stronger in this
case. Our results show that neither is the Scoupling strength
increased by the participation of the out-of-plane mode nor is
the number of contributing gateways. The latter fact is
evidenced by the comparable line densities of the slow
fluorescence spectra in Figure 4 ahd 5.

The large factor of (at least) about 500 between the yields of
slow and prompt fluorescence can be due to two reasons: (i)
An excited perturbed level may be predominantly i&
character, with only a small ;Tadmixture. The §— S
excitation probability will then be almost as high as for an
unperturbed Slevel, and the lifetime will be only slightly
greater than the pure;Sifetime of 2.4 us. One can easily

fluorescence spectra are disregarded. An alternative representacalculate that with a lifetime of4.5us, 2 x 1073 of the total

tion would have been a comparison of the integrated band
intensities. This, however, has the disadvantage that it com-

emission will occur within the experimental time window, from
30 to 80us after the laser pulse. (ii) The excited level may be

plicates the comparison of bands whose prompt fluorescencepredominantly T in character, with a correspondingly low
spectra have a different structure, e.g., ¢ type as shown in Figureexcitation probability, but a very long radiative lifetime. Again,

4 vs a or at b type as in Figure 5.
Regarding the 7 and 5 bands, this objection does not

the S/T; mixing may be such that the intensity emitted within
the observation window is about-2 10~23 of the normal, prompt

apply, since here the structures of the two prompt fluorescencefluorescence from the unperturbed, purelévels. Since any
spectra as well as the line densities in the two slow fluorescenceperturbation produces a pair of “mirror image” states, one

spectra are very similar; see Figure 4. Consequently, a
comparison of integral band intensities is meaningful here. It
is found that the ratiolprompflsiow (integral), including the
experimental excitation conditions as before, is 2000 for the
72 band and 2100 for the)®and. Thus, the relative intensities
are, in fact, very similar, justifying in retrospect the above
comparison of the peak intensities.

More important, however, is the fact that this result is in
contradiction to observations which were made by the Ito
group?® Here the ratio of the sensitized phosphorescence
intensity to the (prompt<13us delay) fluorescence intensity
was investigated systematically for a large number of vibrational
modes of glyoxal (as well as methylglyoxal and biacetyl). Ito’s

predominantly $ and the other predominantly;Tthe two
situations may be about equal in number. Experimentally, they
can be distinguished by moving the detection gate toward longer
delays: In case i, this will reduce the slow fluorescence intensity
drastically, while in case ii, it will not change much. We have
preliminary evidence of this. A few slow fluorescence excitation
spectra of the §) 5}, and 7 bands were taken with greater
delay and a larger distance from the excitation to the observation
region. These spectra were again very sparse and showed
essentially the same lines as in the two slow panels of Figure
4 but with very different relative intensities. This, if verified,
would substantiate further the expected erratic variation of
radiative lifetimes from one rotational line to another in the same

data are essentially ratios of integral band intensities, since theband. Further experiments to this end are planned.

spectra were not rotationally resolved in that work. It was found
that quite generally, modes involving the; out-of-plane
vibration had a much higher phosphorescence yield, relative to
the fluorescence yield, than did the totally symmetric vibrations.
The conclusion was that the torsional mode greatly promotes
the § — T, intersystem crossing. Among the three molecules
studied, the effect was most pronounced in glyoxal. For the
73 band of glyoxal, the phosphorescence/fluorescence ratio is
stated to be about 10 times greater than for ﬁmaﬁnd (ref 23,
Figure 3). This is at variance with our results given above.
We find quite similar relative intensities for these two bands,
although the 7band involves an out-of-plane mode, while the
55 band does not. Thus, we cannot confirm the mode selec-
tivity in intersystem crossing claimed by the Ito grotip.
Likewise, the 1275 and 6 75 combination bands (Figure 2),
which also involve the’; out-of-plane mode, did not show an
anomalously enhanced slow fluorescence yield in our experi-
ment.

For an explanation of the discrepancy with Ito’s results, one
has to bear in mind that in Ito’'s work, the ISC process was
most likely mediated through collisions, while we observed for

4.3. Hot Bands. Among the stronger prompt fluorescence
bands shown in Figure 2, there is one hot band, labejeld i
remarkably intense, although this may be expected for a
transition out of a low-lying vibrational level in the, State {7
= 127 cntl). However, this band is also abnormally broad,
compared with, for example, the similarly stror@;bﬁnd. We
therefore studied thel7and at high resolution, both in the
slow and in the prompt fluorescence mode. The results are
shown in parts a and b of Figure 10, respectively. The
simulation of the prompt fluorescence, shown in Figure 10c,
required the unusually high rotational temperature of 70 K. It
is interesting that among all the bands recorded at high
resolution, it is only this vibrationally “hot” band which is also
rotationally hot. This indicates that the incomplete collisional
relaxation extends not only to the vibrational mode, in this case
the torsional vibration, but to the quantum numbli€randJ of
the overall molecular rotation as well. The slow fluorescence
excitation spectrum is, in this case, very complex. This is
probably a direct consequence of the high rotational excitation,
which makes a great number of gateway states accessible. No
simulation of this slow fluorescence spectrum was attempted.
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7' band have, in fact, already observed collision-induced <S T,
transitions, which is the first such observation in the gas phase
200 T T ) sow, exp, (ref 29; see also ref 33). In these experiments, the initial state,

T1, was well below the Sstate, making the overall process

strongly endothermic. The collisions raise the molecule from
the laser-excited, well-characterized Tevel within the T

1 manifold to the as yet unspecified, Gateway levels in the

0 I S S U S region of the $state. S/O coupling and the corresponding state

(b) prompt, exp. 1 mixing then lead to the observed S- & fluorescence.

B The present experiment has helped to shed more light on this
process by a detailed examination of the gateways on the side
of the § manifold. The partner levels in the; Tmanifold,
however, still remain to be identified. As a first step in this

+ 3 direction, we have recently spectrally resolved the slow
(¢) prompt, simul. ] fluorescence reported here (ref 29; see also ref 33).

200 |

100 |
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