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H. Production in the 440-nm Photodissociation of Glyoxal
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H, has been detected following the photolysis of glyoxal at 440 nm using the techniques of vacuum ultraviolet
laser-induced fluorescence and+21) resonance enhanced multiphoton ionization. It is thus confirmed that
a fraction of the glyoxal excited at this wavelength dissociates into three photofragments: HCOGHH

+ 2 CO. The most populated vibrational level of those observed wds B 1), and in this level rotational
states fromJ = 0—9 were detected. Doppler profiles of these lines provide estimates of the translational
energy and show &||J correlation. Of the available energy to the H 2CO products, 3.1% appears as
rotational energy in H(v = 1), 17.8% appears as the Kb = 1) vibration, and 46.8% appears as (d =

1) translation. Excitation of theyZband produces somewhat more of thetH2CO channel than does excitation

of the Q°, 5!, or &' bands. These observations are consistent with a model in which-tcimsomerization
precedes dissociation. Rotational excitation witll is caused by the; torsional motion. The small degree

of rotational excitation, the production ohkh v = 1 andv = 2, and the translational energy distribution are

all consistent with ab initio calculations of the transition state structure.

I. Introduction Indeed, detailed theoretical calculatiéf$® have indicated

. . that a transition state to these products occurs on §lsei$ace
Glyoxal, HCOCOH, has been of interest to spectroscopists following rotation of glyoxal about the €C bond from the

a}nd physical Chem's.ts since even before the 1970s, when theground-state trans conformation to the cis conformation. The
first analyses of its visible spectrum were made by Ramsay and

112 . . dissociation path leading to these three products has been called
co-workerst In the intervening years a great deal of

; . X ) the “triple whammy channel” (TWC) A comparison of the
information has been obtained about both the coupling between P y (TWC) b

the | ; ted sinalet stat dthe | t triolet stat ftransition state with the equilibriurnis-glyoxal ground state
€ lowes eXE'Zoe singlet state and he Jowest tripiet state o geometry shows that the stationary point has -aCCbond
the molecul&®~2° and about its high-resolution, Doppler-free

2L The f ield for lowlvi distance of 2.10 A, about 0.57 A larger than the equilibrium
SPe“T” ’ e Tlluorescence qu_antum yield for 1ow-lying  yistance of 1.53 A. The €H distances are also increased from
vibrational levels of the'A, state is on the order of 509%;

int | on f heS to th ¢ s th 1.10 incis-glyoxal to 1.40 in the transition state. Finally, the
n ernzl Eonversmns@rf\)ﬂm h Esfl tls € SJtS.u; acet IS the' change in the H positions relative to each other is dramatic. In
nonradiative process. Much of the recent interest in this cis-glyoxal they are 2.46 A from each other and nonbonding,
molecule stems from its presence in the polluted tropospheric

. s . whereas in the transition state the distance decreases to 1.07 A,
atmospher&25and as an intermediate in combustion systéms.

this molecule _to probe7coII|S|QnaI energy transfer processes, calculated recently by Luis Montero and his co-workers at the
molecular alignment] predissociation of van der Waals 6-311G** level° Similar H—H and G-C distances were found

complexg§? N apd stlmulateq emlssmn.pumplﬁ%ﬁl“z ) . for the transition state, which was 2.56 eV higher thandise
Following the first observations of collisionless predissocia- glyoxal isomer. The activation energy from the trans isomer is
tion of glyoxal;*~*>the dissociation dynamics of this molecule ;5 54.5 kcal/mol, similar to that found by the Schafer group
have also been examined. The primary dissociation channelg; the CCSDT-1 TZ+ 2P level4®
appears to be Further evidence for the triple whammy channel came from
the molecular beam photodissociation studies of Hepburn®t al.,
HCOCOH—H,CO+ CO 1) who examined the arrival time distribution of mass 28 and 30
fragments. Their observations suggested that there were actually
Early observation of Klas a final product following photolysis  three channels to the dissociation. While channel (1) accounted
of bulb sample®—¢ showed that there was a noncondensable for 65% of the yield and channel (2) accounted for 28%, the
product other than CO and suggested that another channel mightemaining 7% was attributed to production of a formaldehyde
be isomer, thought to be hydroxy methylene

HCOCOH— H, + CO+ CO ) HCOCOH—HCOH + CO ®)

Burak et ak? investigated the photodissociation of glyoxal
T Current address: Institute for Computational Earth System Science, by monitoring the CO product with vacuum ultraviolet laser-

University of California at Santa Barbara, 6487 Calle Real, Unit A, Santa induced fluorescence following dissociation through several
Barbara, CA 93117. . . . .
# Current address: Department of Chemistry, Oregon State University, Vibrational bands of théA, excited state. Appearance times for

Corvallis, OR 97331. the CO were found to be in excellent agreement with the glyoxal
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fluorescence decay times, indicating that there is no long-lived
intermediate in the dissociation. The CO was found to be
produced almost exclusively im = 0, but the rotational
distribution was spread over a very broad distribution peaking
at J ~ 42. Glyoxal dissociates much more slowly than its
rotational period, so it was surprising to find that the Doppler
profiles of individual product states showed structural features.
Analysis demonstrated that the structure was due to-a
correlation in the products: the CO recoil velocity vector and
the CO angular momentum vector are predominantly perpen-
dicular to one another, implying that the dissociation takes place
from a planar geometry. Analysis of the joint velocity and
rotational distributions suggested that the highest rotational
levels of CO are produced in coincidence with the formaldehyde
product in channel (1).

Despite the number of studies of this photodissociation
system, there has yet to be reported any firm evidence that H
is produced in the dissociation, nor has there been any
characterization of the Hproperties that might be compared to
those predicted from the calculated transition state geometry.
This work was undertaken to detect and characterize the H
product, if any, from the reaction.

Il. Experimental Section

Jet-cooled glyoxal was excited to selected vibronic bands of
the A, electronic state and the photodissociation products were
probed after a delay of 300 ns. Although several detection
schemes for probing Hvere tried, (2+ 1) resonance enhanced
multiphoton ionization (REMPI) through the E,F state provided
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Figure 1. Schematic diagram of the experimental apparatus.

of 100 and 150 ns, respectively, were completely resolved at
low signal levels, and only began to overlap at higher signal
levels.

the least interference with other processes and was used in the The heavier ions were mainly a result of nonresonant

majority of the work23
Vacuum Chamber. Experiments were performed in a liquid

ionization of glyoxal by the focused UV probe laser. This mass
peak was about 50 times more intense than thieibh signal

nitrogen cryotrapped, six-way cross vacuum chamber modified and presented a heavy burden for the ion detector. During the
by the addition of four extra ports in the horizontal plane and course of these experiments and earlier studies with a Chan-
evacuated with an Edwards E2M30-backed Varian VHS-6 neltron detector, the useful lifetime of the ion detectors decayed
diffusion pump. The typical background pressure, as measuredin a nonlinear fashion.

by a Granville-Phillips ionization gauge, wasx1107° Torr, Glyoxal Visible Fluorescence Glyoxal was dissociated at
while the average pressure during operation of the molecular 440 nm using an excimer pumped dye laser system (Lambda
beam was 2 1075 Torr. The molecular beam was unskimmed Physik LPX205/FL2002) with pulse energies of 62 mJ at
and emanated from a piezoelectric vafvaith an orifice 500 10'Hz. No etalon was used and thus the linewidth was assumed
um in diameter. The molecular beam, the collinear and counter g pe that specified by Lambda Physik for their dye laser of 0.2
propagating dissociation and probe laser beams, and directionsy-1. Most work was done exciting glyoxal to thg'®and in
of light detection by a photomultiplier tube (PMT) were all the § manifold. The excitation was partially resolved into
located in the same plane, as shown in Figure 1. Baffles were rotational branch envelopes. Glyoxal predissociates at this
inserted in the laser entrance and exit arms of the chamber toexcitation wavelength and fluorescence competes with dissocia-
reduce scattered light. tion. Normalization for fluctuations in photolysis power and
lon Detection. lon collection was performed using a 1.5 in.  pressure variation in gas pulses was performed by monitoring
diameter focused mesh electron multiplier (Johnston Labora- glyoxal fluorescence with a visible PMT (EMI Type 9558QB)
tories) situated %/, in. above the plane of the molecular and and collection lens. An OG515 cutoff filter was placed in front
laser beams. A grounding plate (2.5 in. diameter) was placed of the PMT to reduce the amount of scattered laser light
’Is in. below the plane of the lasers. A grounded cylindrical detected. A power dependence study indicated that tie H
shield with 0.5 in. diameter holes spaced af #%ervals to signal from glyoxal photolysis was linear with the dissociation
allow the molecular and laser beams to enter and exit the laser power.
interaction region served to minimize the perturbation to the  petection of H, by VUV LIF. Vacuum ultraviolet laser
electric field caused by the nozzle. The mesh was biased withinduced fluorescence (VUV LIF) was explored as a detection
—3500 V and the output was amplified 25 times by a 300 MHz scheme for H in preliminary survey work. K (v = 1) from
dc amplifier (Stanford Research Systems model 445). glyoxal was probed by LIF using the (3,1) and (2,1) bands of
Although there was no time-of-flight tube or repeller plates, the B'=", < X1t transition. The 115 nm light was generated
a crude mass resolution was observed and theattival was by nonresonant tripling in Kr. The UV output from an excimer
well resolved in time from all heavier ions. Since the ion pumped dye laser system (Lambda Physik LPX 205/FL2002)
detection mesh was also sensitive to UV photons, the probeoperating with ap-terphenylp-dioxane solution was focused
laser scattered light signal provided a convenient measure ofwith a 4 in. focal length lens into the centdra6 in. long cell
the zero in arrival time. Hand H* ion peaks with arrival times ~ containing Kr. The resulting VUV radiation was recollimated



10314 J. Phys. Chem. A, Vol. 103, No. 49, 1999 Dobeck et al.

with a 2.75 in. focal length lens which acted as the exit window mirrors to steer the laser radiation into the chamber. This reduced
of the Kr cell and the entrance window of the vacuum chamber. the SFG pulse energies by a factor of 5.

Kr pressures of 58100 Torr resulted in optimum VUV power For all levels of H probed ¢ = 0—2), the focused probe
over the wavelength range of interest (4 = 0) from glyoxal  |aser radiation alone produced a background gf ign signal.

was also probed by LIF using the (3,0) band and tripling in - A minor source was the nonresonant ionization of glyoxal and
Xe. subsequent decomposition. This signal, however, was constant

In these experiments, the photolysis and probe lasers inter-across a scan and simply provided an offset. A more important
sected at right angles in a mutually orthogonal configuration source, which became apparent when the probe laser frequency
with the molecular beam. The VUV probe laser light was was resonant with an Hransition to thev andJ levels in the
separated from the UV laser fundamental by use of an evacuated= F state, was due to photolysis of glyoxal at higher energies
monochromator attached to the probe laser exit arm of the (shorter wavelengths) than the one photon excitation of glyoxal

vacuum chamber and was detected by a solar bllnd PMT with to the S state. These Competing processes were undoubtec“y
a Csl photocathode. Hluorescence was collected with a lens  enhanced by focusing the probe laser.

gndhtlietectsd with ?hsefland. sol?r blind PM-';_ plched itté\?uv H, REMPI transitions inv = 0 andv = 1 were measured
oth laser beams. The signal was normalized for the under bulb-like conditions. This served several diagnostic

power. ) - purposes such as finding the line positions and comparing the
Detection of H, by (2 + 1) REMPI. H, vibrational and  regyits obtained by the detection system on a sample with a
rotational state distributions were obtained using-(2) REMPI known distribution. Compressed,Hffused into the vacuum
throughs” = 0 in the excited EF state.Hv = 1-2) were chamber through a leak valve dira 1 mm diameter tube
probed using the frequency doubled output of a dye laser moynted on one of the arms of the chamber. The chamber was

(Lambda Physik Scanmate 2E, BBO /1l crystals) pumped by (et gpen to the diffusion pump in order to maintain a pressure
the third harmonic of a Nd:YAG laser (Spectra Physics GCR q1ow 1 x 104 Torr for ion collection.

270) to generate light in the appropriate wavelength range{210
230 nm). The resulting pulse energies of the doubled light were
typically between 0.6 and 1.0 mJ. This was well below the level
at which Vrakking et aP®> working in the high probe power
regime, observed power broadening with Zeeman and Stark
shifts. The probe laser light was focused at the center of the
chamber by a Mgflens (focal length 8 in.) positioned before
the entrance window.

When probing H (v = 1), the fundamental wavelength (ca.
420 nm) was not separated from the doubled light as it was
found to have no apparent effect on the results. FoinHy =
2), however, the fundamental wavelength (ca. 440 nm) falls
within the absorption band of glyoxal. Thus for these experi-
ments, the doubled light was separated from the fundamental :
light with four Pellin-Broca prisms before exiting the frequency- board from the output of the gated integrators and also averaged
doubling stage of the dye laser. The polarization of the doubled for 30 laser shots.
laser light was horizontal in the laboratory frame and perpen- It was necessary to perform background subtraction because
dicular to the axis of ion detection. of the large H' ion signal produced by the probe laser alone.

Relative fluctuations in the doubled light were monitored by One W‘?‘y 'n_Wh'Ch _th|s subtractlor) was accomplished was to
sending a reflection from one of the turning prisms that steered c0llect ion signal with the photolysis laser alternately synchro-
the beam to the chamber into a cell filled with a Rhodamine Nized with the molecular beam or following it by 10 ms every
6G dye solution in methanol. The resulting fluorescence was Other 30 laser shots. This latter timing was equivalent to doing
detected by a fast photodiode (Thorlabs DET200) and the a one-laser pumpprobe experiment with no contnbutlpn from
photodiode signal was processed by a gated integrator. Powe40 Nm excitation of glyoxal to the,Sstate. An equivalent

dependence studies determined that theé Bignal intensity configuration allowed the photolysis laser to remain synchro-
depended on the square of the UV light intensity. nized with the molecular beam, but blocked the photolysis laser

The technique of sum frequency generation (SFG) was used*ith @ mechanical shutter every 30 laser shots.
to generate light at the short UV wavelengths (2205 nm) In addition to the wavelength of the probe laser, six channels
necessary to detectbf = 0,J = 0—7). In this case, the second  ©Of data were collected to perform baseline subtraction and to
harmonic of the Nd:YAG laser was used to pump the dye laser normalize for laser powers. Three quantities! ignal, glyoxal
which was operated with a Rhodamine 640/methanol dye fluorescence, and UV power, were collected for the “ON” and
solution. The visible laser output (40 mJ at 605 nm) was ‘OFF”conditions of the baseline subtraction scheme. ON refers
frequency doubled (Lambda Physik BBO Ill crystal), and the to the two laser pump-probe experiment in which the photolysis
doubled light (10 mJ at 302.5 nm) and residual fundamental laser intersected the molecular beam 300 ns before the probe
light were frequency summed (Lambda Physik BBO Il crystal) laser, whereas OFF refers to the one laser experiment in which
to generate 0.7 mJ of 201.7 nm light. In order to enhance the only the probe laser intersected the molecular beam. As the
SFG process, a quarter wave plate with an antireflection coatingprobe laser was always ON, the ON and OFF channels for the
centered at 589 nm was placed prior to the first nonlinear crystal. probe laser monitor were equivalent. Taking the difference
As well, the quartz exit window of the SFG crystal housing between the ON and OFF channels for both thé signal and
was removed in order to reduce absorption losses. The doubledhe glyoxal fluorescence removed the background for these
light was removed from the SFG light by using 210 nm dichroic quantities. In the following sections, dissociation of glyoxal at

Data Collection. The experiment was controlled by Labview
(National Instruments version 4.0) with the master timings set
by a digital delay generator (Stanford Research Systems DG535)
which was used to trigger the piezoelectric nozzle power supply,
lasers (excimer, Nd:YAG lamps, and Q-switch), data acquisition
board (National Instruments Lab P(hoard), and oscilloscope
(LeCroy 9450). The K probe laser scanning program was
controlled remotely from Labview through a GPIB/RS-232
converter interfaced with the laser’s laptop computer. lon signal
data was collected and processed using Labview by downloading
(via GPIB) the oscilloscope trace, gating on the signal of interest,
and averaging for 30 laser shots. Laser power, monitored for
normalization purposes, was collected by the data acquisition
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the UV probe laser wavelengths refers to the OFF signal, while
dissociation of glyoxal at 440 nm refers to the difference signal

LIF (B<=X) of H, and CO

ON — OFF. os b J N R
PHOFEX Spectrum. Photofragment excitation (PHOFEX) . P | ! ]
spectra were obtained by fixing the probe laser wavelengthon 5 osf o 2 3 (11 bond) 4
an H, REMPI transition (out o = 1, J = 1) and monitoring E L | | ]
the H* ion signal while the photolysis laser wavelength was - 04 2 R
scanned from 438 to 457 nm. The absorption spectrum of o r ]
glyoxal has well-resolved vibronic bands in this region. = 03 - B
Fluorescence from excited glyoxal was simultaneously detected > = ¢ ]
by means of a PMT. Two cutoff filters (GG395 and GG400) @ oo g 3
were placed before the PMT to reduce the level of scattered © ~ 1
laser light detected. <
Glyoxal Preparation. Monomeric glyoxal was prepared by o1 F W
pyrolyzing the trimeric dihydrate precursor (Aldrich) in a glass o0 b . ‘ [ ‘ ‘

1145 1146 1147 1148 11491150

Wavelength (nm)

vacuum line. The trimer was heated to 18D in the presence TTa.4
of excess phosphorus pentoxide until the evolution of CO

occurred, at which p_0|nt the heatlng sou_rce was turned off. After Figure 2. Laser-induced fluorescence spectrum g&idd CO produced
the pressure evolution subsided, the mixture was heated to 220 the photodissociation of glyoxal.

°C. The glyoxal monomer was given off from the black tarry

reaction mixture as a yellowish green gas and was collected in 1) REMPI scheme for detecting ,Hz = 1—2), however,

a liquid nitrogen cooled trap after passing through two traps inyolved laser wavelengths which fell outside the region of
cooled with salt/ice baths to remove water vapor. As formal- formaldehyde absorption. The exception was the SFG technique
dehyde, a mgjor byproduct, also collects in thg liquid nitrogen fqy detecting H (v = 0) in which light at 302.5 nm was present,
cooled trap, it was necessary to perform a final trap to trap pyt this was largely removed by using dichroic mirrors (210
distillation with a dry ice/acetone bath to allow most of the  nm) to send the probe laser light into the chamber. A diagnostic
formaldehyde to be removed while retaining the gly.ox.al. Several experiment revealed that although ébuld be clearly detected
freeze-pump-thaw cycles were carried out to eliminate CO  \yhen formaldehyde was dissociated at 353 nm, the same REMPI
and other impurities trapped in the solid glyoxal lattice. Long yetection system was unable to detegtvhen the photolysis
term storage (2 months) at liquid nitrogen temperatures main- wavelength was switched to 440 nm as used in the glyoxal

tained the sample integrity but with prolonged exposure to near experiments. This test shows that the wavelengths used for
ambient temperatures, polymerization to a white solid occurred

on the time scale of a few days.

To entrain the glyoxal monomer in a molecular beam, He
was allowed to flow through the trap containing the glyoxal
sample in the ice/water bath at a backing pressure of about 60
Torr. The vapor pressure of glyoxal at°C is about 52 Torr
giving a beam of approximately 8% glyoxal in helium.

The presence of formaldehyde in our glyoxal sample was

0

probing and detection of Hfrom glyoxal do not produce H
from ground-state formaldehyde.

REMPI signals from H were observed in the presence of
both the dissociation laser and the probe laser and also in the
presence of the probe laser alone. The data acquisition method
described in the previous section allowed us to separate the two
contributions by a simple subtraction routine. Thus all results
given here for the 440 nm photodissociation have had the one

established by comparing spectra obtained in separate LIF|5q0 gignal removed. Power dependence studies for the 440

experiments with glyoxal and formaldehyde. Wavelengths for
excitation of (353 nm) and observation of fluorescence (412
nm) from formaldehyde were selected in spectral regions in
which glyoxal did not absorb or fluoresce. The resulting spectra
were nearly identical.

I1l. Results

H, was detected following the photodissociation of glyoxal
both using VUV laser induced fluorescence through thE'R
< X1Z*g transition and using REMPI through the E,F state.
Figure 2 shows the LIF spectrum of,;tand CO produced in
the photodissociation of glyoxal on thg'®and. The stronger
lines identified in this figure are the hydrogen transitions, while

nm photolysis showed that both the glyoxal fluorescence and
the H signal were linear in the 440 nm laser power. The H
signal was shown to be nearly quadratic in the probe laser
intensity, as a slope of 12 0.1 was obtained from the plot of
the log of integrated ion signal vs the log of the UV probe laser
monitor. With the same probe laser powers, but with puse H
under bulb-like conditions, the slope was found to be 185
0.07. These values for the slopes are consistent with thie (2
1) REMPI detection scheme in which the two photon absorption
to the E,F state is followed by a saturated ionization 8tep.

H, signals from the probe laser alone arise from glyoxal

dissociation at different wavelengths depending on the quantum
state of the H detected. Wavelengths for Q(1) transitions, for

the weaker and more closely spaced lines are due to lasernnstance, are 201.78 nm for= 0, 210.61 nm forw = 1, and

excitation of CO transitions.

Because formaldehyde also dissociates to produgtartd
CO at wavelengths below about 357 nm, the choice of photolysis
and detection laser wavelengths was an important factor in

219.68 nm forv = 2. Power dependence studies also showed a
variation with wavelength. The slopes obtained from plots of
the log of integrated ion signal vs the log of laser power fer H
(v=121,J=21and B (v=2,J=3) were 2.0+ 0.09 and 2.5

determining that photodissociation of glyoxal was indeed the + 0.2, respectively. It is not clear at this point whether these
source of the observed,HOne reason for abandoning the VUV  one laser signals were due to single UV photon dissociation of
LIF detection scheme described in the previous section was thatglyoxal or due to a multiphoton process. In this spectral region
the UV laser light (336-345 nm) required to frequency triple  the absorption by glyoxal is weak, lying between the diffuse

in the rare gases also passed through the chamber and fell withirB—X bands (326-230 nm) and the stronger-€X bands (205

the absorption band of formaldehyde (25860 nm). The (2+ 185 nm). Unlike the photolysis at 440 nm, no fluorescence is
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Figure 3. Doppler line shape of H(v = 1, J = 1) following of glyoxal at 440 nm.

photodissociation of glyoxal at 440 nm. ] o )
Information about the energy partitioning between rotation
observed, indicating a more direct dissociation through higher @nd translation is obtained from the widths of the Doppler
energy states of glyoxal accessible at the UV wavelengths. ~ Profiles. Diagnostic experiments have determined that the widths
The shapes of Doppler profiles are generally sensitive to g];og:jeenzatatg:ﬁle I;neisc a?rlgsgrm u?;fs%ﬁgr ti)gs Soﬂagz fthaggr?d
p—v—J vector correlations, wherg refers to the transition 9 yp P g |

. : f less thank4107° Torr (8% glyoxal/helium)
dipole moment of the absorbing parent molecule, arzhd J gas pressures ot ie ) .
re?er to the photofragment ve?osity and angular momentum and that the effective VUV bandwidth of the laser (Gaussian

) . . lineshape function with full width at half maximum 0.46 +
vectors, respectively. However, for glyoxal, the rotational period I . . .
. ; SO 0.02 cml) is a small fraction of the total line width. From a
is much shorter than the predissociation timescale, and conse-

uently. the “memony” of the absorption is lost due to the comparison of several {39) profiles obtained for each, it
quently, y Pu appears that the widths are independendt, dfaving an average
rotations so that any—v or g—J correlations are washed out.

I ; ; .
However, thev—J correlation is caused by the breakup of the value of 7.28+ 0.26 c (full width half maximum). Widths

transition state and the interactions between the photofragmentsgohr olgf;: en s OT%?;O)(:;H; (22/1; ;Lr’é) 2“;8 sm?]b';alusr:)egplg et:ree (;J :ﬁ) be

as they separate, and it wil cqntrlbqte to the.DoppIer line shape the same within their uncertainties, with values near 9tm
regardless of the parent rotation. Figure 3 displays the normal—for v =1and8cmforv=2

Lzﬁd [_)op;;l_er pr_ofi_le Offthf H(f :4120Q(1) EIIIEMPI_S?”? Distributions of relative population in rotational states have
oflowing dissociation of glyoxal at nm. All Hv = 1, been obtained for H(v = 1) for both 440 nm photolysis and

= 1-5) Doppler line shapes recorded for the 4_40 nm photolysis UV photolysis (around 210 nm) (see Figures 4 and 5). Thie H
of glyoxal appear to be generally flat-topped with a reproducible o, gjgnals were normalized for variations in the detection laser

dip at line center. The slight dip observed in the Doppler profiles power (quadratic dependence) and in the glyoxal pressure and

indicates that there is a measurabteJ vector correlation. o q61vsis laser power and then integrated to obtain intensities.
Unambiguous determination of the vector information requires py ¢ 15 the degradation of the detector mesh sensitivity during
probing the rotational level in different branches, but unfortu- ,, eyneriment, a reference line was recorded every other scan.
nately, the other branches (Ocb8 ) in thetwo-photon detection e ative ion intensities were derived by normalizing by the
scheme employed here are less intense by a factor of 50.  5yerage of the reference line intensities taken before and after
Care was taken to minimize any bias in the detection step the line of interest. As two dyes were required to span the
since hypothetical fly-out of bin a direction transverse to the  spectrum from low to high, two different reference lines were
laser beam propagation axis could also cause a dip in theysed: J = 1 for low J andJ = 7 for highJ. The two segments
Doppler profile at line center. The photolysis laser beam of the distribution were knit together using lines common to
diameter was about 3 mm and much larger than the focusedboth dye tuning curves)(= 5—7). Relative populations were
probe laser beam diameter of less than 0.5 mm. As glyoxal wasobtained by dividing the normalized ion intensities by the two-
dissociated in a bigger volume than that probed, fly-out f H photon transition probabilities calculated for the2) REMPI
from the probe beam was balanced by fly-in of flom the scheme used hePé.The error bars in Figures 4 and 5 are
larger surrounding volume of the photolysis beam. The time estimates oft1 standard deviation from the average ef1®
for fly-out was also investigated by varying the delay between normalized data sets for eadh The error bar for thel = 1
the photolysis and the probe laser. Doppler profiles were reference line was estimated from replicate scans over the line
recorded for a range of delay times from 50 ns tasl The after correcting the intensities for a linear decay with time. High
appearance of the dip at line center relative to the wings of the J lines had proportionately higher error bars due to the very
Doppler profile was not noticeably affected by the delay time low signal-to-noise levels and the uncertainty in the normaliza-
over the range 206500 ns. At shorter and longer delay times tion factors for the different reference lines.
the overall signal intensity and hence signal-to-noise ratio  Weighted linear least square fits to plots of the natural
dropped below that which allowed for useful comparisons of logarithm of the rotational population divided by the rotational
dip to wing intensities. However, it appears that fly-out was and nuclear spin degeneracies vs the rotational energy yielded
not a serious problem at the 300 ns delay time used, and henceotational temperatures as fitting parameters. In the case of the
was not the cause of the observed dip at line center in the UV photolysis, all of the data were well represented by a
Doppler profiles. rotational temperature of 2215 33 K. For the photolysis at
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T TABLE 1: Average Partitioning of Available Energy among
s I ] Products in the Triple Whammy Channel
- L } J energy %
O L J disposal available
'g | | product mode (cm™) energy ref
2 F 1 Hz (v=1) rotation 725+ 52 3.1 this work
o 1.0 { — vibration 4161 17.8 this work
a- F 1 translation 1097@& 880 46.8 this work
= + 2CO translationt 7574 32.3 this work
L internal
@ L translation 5246 22.4 51
S 05 k- { { _ rotation 2328 9.9 5% this work
< L } vibration 0 0.0 52
« } a Available energy= E;,(440 nm) — AHreaction = 23430 cnl.
L L] E E b EtransHm (ZCO) - Etranizco)-
oob—L v v T
0 2 4 o 8 10

1. The available energy of67 kcal mof! was calculated as
the difference between the 440 nm photon energy and-the
kcal mol! heat of reactiof! The internal energy of the jet-
cooled glyoxal was assumed to be negligible. Notice that the
partitioning among the fdegrees of freedom only considers
the first vibrationally excited levely(= 1). This vibrational
fitted well theJ = 0—7 data. An average rotational energy for energy amounts te-12 kcal mot or 18% of the available
all of the data § = 0—9) of 725+ 52 cnt ! was calculated by energy. The averageHy = 1) translational energies determined
weighting the rotational energies by the population in each level. from the Doppler widths fod = 0 to 5 were not noticeably
The H, (v = 0) REMPI signal was not observed in the different. The available energy partitioned inte tianslation
photolysis of glyoxal at 440 nm, and only the signal from= was therefore estimated as the average translational energy for
0, J = 1) was detected in the UV photolysis. This was likely the combined] = 0—5 data sets, which amounted to 47% or
due to the fact that our overall efficiency for detectionvof ~31 kcal mott. The energy disposal intootation is small,
0 was a factor of about 65 less than for= 1 detection. The  amounting to about 2 kcal mdl or 3% of the available energy.
REMPI scheme itself is a factor of 2.6 less sensitive for detecting H, thus takes up about 68% of the available energy leaving
H (v = 0) than forv = 157 Since the REMPI signals scaled 32% (~21 kcal mot?) to be partitioned among the internal and
with the square of the probe laser power, the five times weaker translational energies of the two CO coproducts.
probe laser power at 202 nm compared to 210 nm resulted in  The effect of parent vibration on the photofragmentation yield
a loss of a factor of 25 in sensitivity. With signal-to-noise ratios was investigated in a PHOFEX experiment. With the probe laser
typical of the B (v = 1, J = 1) scans, we estimate thab Kb wavelength fixed to detect Hv = 1, J = 1), the dissociation
= 0) signals could be detected with a loss of up to a factor of |aser wavelength was scanned from 438 to 457 nm. Five
10 in sensitivity. This leads to an upper limit on the ratio of different vibrational bands i, glyoxal were excited: thed®
vibrational populations for = 0 andv = 1, that is,P(v = origin band near 455 nm, theZband near 445.6 nm (torsional

Rotational Quantum Number J

Figure 5. Rotational distribution of bi(v = 1) following dissociation
of glyoxal at ca. 210 nm.

440 nm, however, a rotational temperature of 823 K only

0)/P(v = 1) < 6.5.
Preliminary scans of higher vibrational states{ 2—3) have
revealed population in rotational levels uple= 9 in the case

the 440 nm photolysis. Our mesh detector failed before we

motion about the €C bond), the §' band near 444.5 nm (the
in-plane C-C—0O bend), the weak 12 7o' band near 442.5
nm (combination band of €C—0 bending and €C torsional

of the UV photolysis and somewhat colder distributions from motion), and the & band near 440 nm (out of plane-E&l wag).
Both the B ion signal generated by the REMPI probe laser

finished taking scans complete with laser powers and glyoxal and the glyoxal fluorescence signal generated by the photolysis
pressure monitors. Fully normalized= 2 distributions were laser were recorded. The spectra displayed in Figure 6 are the
obtained with the detector in its last stages of usefulness, andresult of averaging three data sets and have been scaled to give
hence with less than optimal signal-to-noise ratios. Nevertheless the same intensity of the®origin band and displaced vertically
it was clear that in going fron» = 1 to v = 2, the population relative to one another for clarity. The peaks are due solely to
from the 440 nm photolysis dropped off more rapidly (a factor the photodissociation of glyoxal by the photolysis laser while
of 2—3) than from the UV photolysis. This resulted in a much dissociation by the UV probe laser contributes only to the
smaller difference between the signals obtained with both lasersbaseline.
firing and with the probe laser alone. The= 2 rotational The laser powers were not monitored directly in this
distribution from the UV photolysis was determined, but that experiment. It is likely that the photolysis laser energy dropped
from the 440 nm photolysis was too noisy to obtain reliable off at the long wavelength end of the scan as our apparent ratio
relative populations. Although odksstates (those with the higher  of fluorescence intensities for thg’Gand &! bands is a factor
nuclear spin statistical weight) up §o= 7 were observed, only  of 2—3 |ess than reported elsewh&?é&8However, the ratio of
theJ = 3 signal had a signal to noise ratio greater than unity. PHOFEX signal to fluorescence signal is independent of the
The REMPI calibration factors for relating ion intensities to  photolysis laser energy as the measured linear dependences of
populations are very nearly the same for= 2 (2.3) andv = both signals cancel. The stability of the probe laser energy, on
1 (2.6)?" so that the observed factor of-3 drop in relative  the other hand, is readily apparent in the appearance of the
ion signals forv = 2 compared tar = 1 does give a crude  paseline in the PHOFEX spectrum. Recall that there is a
estimate of the relative vibrational population fos produced  substantial H signal due to the probe laser alone interacting
in the 440 nm photolysis of glyoxal. with glyoxal. With the probe laser fixed in wavelength on an
The partitioning of the available energy among the three H, REMPI transition, the resulting resonant signal provides a
products of the triple whammy channel is summarized in Table background or baseline for the experiment which is highly
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4 —— . . — 71— absorbs three 210 nm probe laser photons in the 2 REMPI
g ! i detection scheme. For the hypothetical scenario of the secondary
0 :g‘z PH‘OFﬂEX (upper) | photolysis of hot formaldehyde, glyoxal is dissociated by 440
yoxa uorescenceﬁ nm light to produce rovibrationally excited formaldehyde which
either absorbs a second 440 nm photon (within the laser pulse)
or a 210 nm probe laser photon and dissociates;tartd CO.
The H is detected by absorbing three probe laser photons in
the (2+ 1) REMPI scheme. Power dependence studies of the
observed H signal obtained from the 440 nm photolysis of
glyoxal reveal a linear dependence on the photolysis laser and
a quadratic dependence on the probe laser. The quadratic
dependence on the probe laser power was also found in bulb
studies with pure K These results are consistent with the triple
whammy channel if the absorption of the third probe laser
L L Ll N photon is saturated as is typical of the ionization step iA-(2
440 445 450 455 1) REMPI detection schemes.
Laser Excitation Wavelength (nm) The power dependence studies could be viewed to be
Figure 6. Glyoxal photofragment excitation spectrum fos @ = 1, consistent with the secondary photolysis scenario only if either
J = 1) (upper) and laser-induced fluorescence spectrum (lower).  the dissociation of the hot formaldehyde within the photolysis
laser pulse is saturated, or if two absorption steps in the four
sensitive (nonlinear dependence) to variations in the probe laserphoton process within the probe laser pulse duration (dissocia-
energy. The flat baseline in the PHOFEX spectrum indicates tion of the hot formaldehyde and detection of thg poduct)
that there was no long term drift in probe laser frequency or are saturated. Given that the photolysis laser was not focused

LA L At B N S BN B B

Relative Intensity

L !

! L L

energy. and that the signal was linear over an order of magnitude change
_ _ in the laser power, it is highly unlikely that an absorption by
IV. Discussion hot formaldehyde of a second 440 nm photolysis laser photon

A. H, as Primary Photoproduct. H, has been detected would be so strong as to fully saturate the transition. Due to
foIIo.wing the photolysis of glyoxél at 440 nm using the the focused nature of the probe laser, however, we cannot rule

techniques of VUV-LIF and (2 1) REMPI. The VUV-LIF out completely the occurrence of a saturated absorption of the

method was eventually abandoned in favor of detection by the probe laser by hc_)t formaldehyde from the fes“"? of the power
REMPI scheme for several reasons. Due to the extensive natur{ependence studies. The signal f_rom the photolysis c_>f glyoxal
of the H, spectrum with its well separated rovibrational level y the _probe laser alone, for Instance, also exhibits a near
spacings, the narrow tuning range of the VUV-LIF technique guadratic power dependence, despite being at least a four photon
made it unsuitable to determine lroduct state distributions. ~ P'OC€SS:
More importantly, the frequency tripling scheme used to  Consideration of the widths of the;{Doppler profiles makes
generate tunable VUV radiation to detecs by LIF exposes it clear that the observedatignals do have their origin with
the chamber to UV light at wavelengths shorter than the the triple whammy channel. The energy available for disposal
threshold to produce Hrom the photolysis of formaldehyde. into the H product from the secondary photolysis of hot
Since formaldehyde is present both as a contaminant from theformaldehyde at 440 nm or 210 nm is much greater than from
synthesis of glyoxal and as a primary photoproduct from the the triple whammy channel. Using the conservation of energy
photolysis of glyoxal, it was deemed prudent to use a detection and linear momentum, the maximum Doppler widths fer(H
scheme which avoided laser wavelengths which could produce= 1,J = 1) can be calculated for the two hypothetical scenarios
H. from a source other than the photolysis of glyoxal. It was Of secondary photolysis of hot formaldehyde at 440 nm and
clearly demonstrated in diagnostic experiments with formalde- 210 nm as 12 and 16 crh respectively. These calculated widths
hyde that the REMPI detection scheme detectedily when are upper limits and assume that the accompanying CO has no
the photolysis laser was tuned to a formaldehyde absorptioninternal energy, that is, that the coproducts are €& Q, J =
feature (353 nm) but not when the photolysis laser was tuned 0). Calculation of the partitioning of the translational energy
to a glyoxal absorption (440 nm). among the three product molecules in the triple whammy
The above diagnostic experiments only discriminate against channel requires the geometry of the transition state to be known
absorption by cold, ground state formaldehyde which is presentand will be discussed below. Nevertheless, it is evident that
in the beam as a contaminant. However, formaldehyde is alsothe energy available for Htranslational energy from the
present as a major product of glyoxal photodissociation. The hypothetical photolysis of hot formaldehyde would produce
energy available to the product formaldehyde internal energy, Doppler widths much in excess of what has been determined
although well below the threshold for unimolecular dissociation Dy experiment (see Figure 3), and with less available energy,
to CO and H, is not negligible. In molecular beam studies of the triple whammy channel provides a closer match with
the photolysis of glyoxal at 440 nm, Hepburn etfahave experiment.
determined that an average of 15 000 ¢éns deposited into REMPI signals for H (v = 0—2) have been observed after
vibration and rotation of the formaldehyde product. As a result, dissociation of glyoxal at UV wavelengths near 201, 210, and
the absorption spectrum of these hot formaldehyde products may220 nm with the focused probe laser. These signals were
be sufficiently shifted relative to the ground state into regions observed to have a higher power dependence than the two-laser
where the photolysis or probe laser light may be absorbed andpump-probe experiments with dissociation at 440 nm. It is not
effect dissociation. clear whether the one laser signals resulted from a partially
For the triple whammy channel, a single 440 nm photolysis saturated single-photon dissociation or were due to a multipho-
laser photon is absorbed by glyoxal and the resultipngrdduct ton dissociation process. The absorption spectrum of glyoxal
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in this region lies between the diffuse—& (320—230 nm) CO translational energies can likewise be predicted using eq
bands and the stronger X (205-185 nm) bands. No 4. For CO ¢ = 0,J = 0) accompanying k(v = 0,J = 0) or
fluorescence accompanied the REMPI signals, unlike the H, (v = 1,J = 1), the translational energies are about 2550 or
visible dissociation at 440 nm, indicating that the UV photolysis 2090 cnt?, respectively. These predictions of CO translational
accessed higher electronic states of glyoxal. Energy partitioning energies are within the range of values obtained by extrapolating
in this process resulted in greatep kbtation, vibration, and the CO linewidth measurements in the glyoxal photodissociation
translation than observed for the 440 nm photolysis, in keeping work of Burak et aP?to J = 0, and correspond to velocities of

with the larger available energy. Overall signal levels fer(H 1480 and 1340 m3, respectively. These CO model results are
= 1) from the UV photolysis were comparable to or greater also consistent with the molecular beam work of Hepburn et
than those observed in the visible photodissociation. al. > which showed that the CO translational energy distribution

B. Planar Dissociation Model. Theoretical calculations by inferred for the triple whammy channel peaked around 7 kcal
Osamura et &7 have determined an approximate transition state mol~* with a fwhm of 7 kcal mot?, giving velocities in the
for the triple whammy channel by constraining the symmetry range 1450+ 370 ms'..

to Cp, as reactantcfs-glyoxal) separates into products {H The consistency of the agreement of experimentally observed
2CO0), thereby conserving orbital symmetries. The predicted rangjational energies with those predicted by making use of
planar structure of the stationary point has an imaginary the theoretical calculations is encouraging. Further support of
frequency (2160 for the in plane symmetric stretch normal  the theoretical results is apparent from the approximate vibra-
mode which leads to products. It is not a true transition state tjona| distribution we obtained for thezproduct, which shows
because there is a second imaginary frequency) (8ich significant population av = 1. The H-H bond length in the
corresponds to an out of plane bending vibration. The extremely -gnstrained geometry of the approximate transition state was
low magnitude of the out of plane imaginary frequency suggests getermined to be 1.093 &. This is much greater than the
that the true nonplanar transition state is well approximated in equilibrium bond length of 0.741 A for free Hn its ground
energy and geometry by that predicted with the constraint to y;iprational state. When breakup of the transition state occurs
Cay Symmetry. _ leading to products, the stretched-H bond should lead to
The partitioning of translqtlonal energy among the three vibrationally excited H. The 1.093 A H-H bond length
product molecules of the triple whammy channel has been getermined for the approximate transition state falls between
modeled assuming a symmetrical, planar geometry of breakupihe maximum bond extensions obtained from the potential
and further that the CO molecules take up identical internal and energy curve for the kelectronic ground state for= 1 (1.013
translational energies. The recoil axes of the three productsA) and v = 2 (1.120 A)%® Thus the theoretical calculations of

define a Y shape with the pushing off against the center of ¢ 50hroximate transition state geometry for the triple whammy
mass of the two CO molecules. The CO molecules recoil along channe| dissociation of glyoxal predict a vibrational distribution
the arms of the Y at an angle of separation ofl@8found in {51 the H, product with significant excitation im = 1 or 2, in

the normal mode leading to products. Considering only the qualitative agreement with experiment.

components of momentum along the axis ofrdcoil, the B
LAB frame kinetic energy release, KE§H is related to the
relative translational energy in the center of mass frame,
Erandrel), as follows

C. Energy Partitioning in the Triple Whammy Channel.
In Table 1, the average energy disposal in the two CO molecules
is listed as 32%, estimated from the leftover energy after
accounting for the disposal into,Hlv = 1) as the other product.
m(H,C,0,)/(2m(C0O)) From information learned in earlier studies, the partitioning of
this energy into internal and translational degrees of freedom
can be determined. Burak et®ldid not observe any vibra-
wherem( ) refers to the masses of the indicated molecués, tionally excited CO in their experiments, so the internal energy
the angle of separation between the CO recoil directions, andMust be rotational. Hepburn etlinferred a maximum of 15
Evandrel) = Y2 ur,-c,0, (Vi, — Veo — Veo)? kcal mol™* in translational energy for both CO molecules which

The H; kinetic energy release predicted by this simple model &ccounts for 22% of the available energy, leaving 10% in CO
behaves well in the two hypothetical limits when the angle rotation. The CO translational energy distribution featured a
between the CO molecules is Ta6r 0°. In the limit wheng = fairly broad peak around 7 kcal mdl indicating that equal
180° and the CO molecules depart leaving a stationasyet sharing between the two CO molecules was the most probable
4 predicts zero kinetic energy release for. H the even less  Situation. If the rotational energy disposal is also symmetrical,
realistic limit when8 = 0° and the two CO molecules leave thenJ=24is the highest rotational state that could be populated
together along the same line, the model predicts that the H Simultaneously in both CO molecules. With unequal sharing of
gets 90% of the relative translational energy. This is close to rotational energy, the maximum rotational state to be populated

that expected (96%) for separation of two structureless particlesPy one CO would bd = 34. This agrees well with the earlier
of mass 2 (H) and 56 (GO,). conclusion that the triple whammy channel contribution to the

In the normal mode calculated by Osamura &f & lead to total CO rotational distribution from the photolysis of glyoxal
products in the tnp'e Whammy ChanneL the ang'e Of Separation at 440 nm was ||m|ted to |OW&Tthan the bulk Of the diStributiOI’]
between the two CO molecules was 12@/ith this angle, eq ~ (Peak atd = 42)>
4 predicts that the preceives about 78% of the energy available  The total energy found in translation for the three products
for translation. For K (v = 1, J = 1) accompanying two is about 69% of the available energy, or 46 kcal MolThis
molecules of CO« = 0, J = 0), the maximum Doppler width  value is close to the large activation energy determined for the
would be 8.5 cm®. This agrees well with the experimental value triple whammy channel both experimentally (47 kcal nii°
of the full width measured near the baseline of #.6.2 cnt?! and by ab initio theoretical calculations (5454.6 kcal
and provides further support that the observedibles indeed mol~1).4%50 The triple whammy channel is slightly exothermic
come from the triple whammy channel and not from secondary so that the energy of activation is released to the products.
photolysis of hot formaldehyde produced in channel (1). Because the approximate transition state calculatedzin

) = Bl I mCONcosti2)
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symmetry is characterized by bond lengths more typical of the 7 — — : : , —
products H (v = 1) and CO ¢ = 0) than to the reactamts-

glyoxal, it appears that the activation barrier is late along the 6
dissociation pathway. The energy of the activation barrier would

be released on breakup of such a transition state mainly in the 51
form of kinetic energy of separation between the products, as r
observed.

H rotation cannot arise from a purely planar, symmetric, and
concerted dissociation process as indicated by the approximate
transition state of Osamura et“dllt requires an out of plane
motion or an asymmetry in the planar dissociation. The torsional
motion about the €C bond in glyoxal is such an out of plane N
motion and effects the necessary trans to cis isomerization of
glyoxal on the pathway from reactant to transition state in the o .
triple whammy channel. The symmetry elements of the torsional -5
modes incis- andtrans-glyoxal are correlated with the out of Doppler Shift (cm™")
plane normal mode in the constrain€g, stationary state. It is
this mode which has the second imaginary frequency (in addition
slightly nonplanar. If the product HHotation were to have its  \ings (ty, = v) than in the centersf, = 0). Ideal Doppler
origin in this out of plane motion, then the partitioned energy profiles have been calculated in these two limitsvf and
should be on the order of the transis energy difference. The  y[1j and are presented in Figure 7. We qualitatively conclude
experimenta®® (1125 + 200 cnr?, 1350+ 200 cnr'?) and that the slight dip observed in the Doppler profiles is indicative
theoreticed® (1490 cn1t) values for this energy difference are  of av||J correlation. This result supports the model in which
within a factor of two of the average rotational energy out of plane motion in the transition state, such as the torsional
determined for K (v = 1) of 725+ 52 cnT™. motion about the €C bond, carries over into Hotation as

D. Vector Correlation (v—J) for H,. The origin of the H the photofragments separate.
rotational motion can be better understood with information ~ The v—J correlations observéd for the CO products of
obtained from thev—J vector correlation. This vector property  glyoxal photodissociation at 440 nm indicate tkiat) for CO.
is a measure of any correlation in the spatial distribution of the However, these measurements only extend down as ldw=as
photofragment velocity and angular momentum vectors. Such 21, and likely refer to the dissociation channel leading to@GH
an effect arises in the exit channel of the potential energy surface+ CO products and not the triple whammy channel. Neverthe-
as a result of interactions between the separating photofragmentsless, in the planar dissociation model for the triple whammy
The dissociation mechanisms leading torbtation, mentioned channel, the CO molecules push off from one another (and the
in the previous section, predict opposite-J correlations. If much lighter H) at an angle of 123and would be expected to
the breakup of the planar transition state occurred asymmetri-rotate in the plane of the dissociation withlJ.
cally, with the two CO fragments unequally pushing off from E. Comparison of H, PHOFEX and Glyoxal Fluorescence
the H,, then the resulting torque would spin the id the plane Spectra. At first glance, the ratio of the unnormalized intensities
of dissociation. In this situation, the velocity of recoil would of the H, PHOFEX and the glyoxal fluorescence spectra
be perpendicular to the angular momentum vector and the H displayed in Figure 6 seems to indicate that the PHOFEX yield
rotation would be frisbee-like. Out of plane motion in the smoothly increases with vibrational energy in tBgexcited
transition state, such as torsional motion about theCond, state compared to the fluorescence yield. Quantum yields for
on the other hand, would lead to propellor-like tatation upon  fluorescence®e) and nonradiative decay processés) have
dissociation, with the recoil velocity parallel to the angular been measurédas a function of vibrational energy & glyoxal

—v parallel J
—-v perpendicular J

i b

Intensity

NI AN

Figure 7. Calculated Doppler profiles.

momentum. and do indeed show a drop off in fluorescence and an increase
Although the slight dip observed in the Doppler profiles in r_10nradiative decay processes With_energy. The experimental
indicates that there is a measurableJ vector correlation,  ratio of the H PHOFEX signal intensity to that of the glyoxal

understanding the polarization dependence of the probedflyorescence inte_ns_ity can be _rel_ated to the ratio of quantum
(E,Fi=," — —X15,%) Q branch transitions is not a trivial task. yields for nonradiative and radiative decay as follows

As noted by Kummel, Sitz, and Zaféone must account for

both two-photon transition path&<I1—X and=—=—%) when lpHoFEX 0 % < (5)
calculating the polarization dependent line strength facRf3) I eior o C

Po©. As shown by Hanisco and Kumm@& the ratio of these

paths is related to the ratio of intensities of Q vs O,S brancheswhereC corrects®¢ for the filter transmission curve, and

and can be used to calculate two unique valuesP§H/Py©. accounts for the branching to the triple whammy channel among
Using the measured ratio for the Q to S branch transitténs, the other nonradiative decay (dissociation) channels included
we calculate thdPy@/Py© values for the Q(1) transition to be in dyr. The C correction factors were calculated using the
—0.06 fprobdJ) or 0.4 prond|J). We use the small negative  measured filter transmission curve and the relative intensities
value Po@/Py© = —0.06) as the real polarization dependent from dispersed fluorescence spectra obtained after excitation
line strength factor because its magnitude and sign are consistenin each of the 4 main bands in Figuré'@>67 The resulting
with other experimental observations of klignment* As- correction factors for the 4 bands differed by less than 5% and
suming a perfect[lJ correlation, one would measure a Doppler were subsequently ignored. The quantum yielgs(®ng = 1
profile with more intensity in the centew{= 0) than in the — ®p) are listed in Table 2 along with the experimental ratios
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TABLE 2: Comparison of Yields of TWC with S; Glyoxal There are three characteristic features of this model of
Fluorescence as a Function of Vibrational Energy concerted molecular hydrogen elimination: (i) Translational
mode Evib (S) branching into energy release is dominant due to a substantial barrier in the
excited (cm™) I prorexuor P2 TWC (C)P exit channel of the potential energy surface and is determined
0P 0 0.984+ 0.03 0.58 1.0Gk 0.03 by the C-H bond lengths at the transition state. (ii) The-H
7 464 2.124+0.14 0.45 1.29+ 0.09 separation in the transition state is usually larger than the
5ot 509 1.91+ 0.09 0.35 0.76: 0.04 equilibrium bond length in the ground vibrational level of free
8o' 735 256012 0.33 0.94£ 0.04 H,, and leads to substantial vibrational excitation in the product
a Reference 222 C' values scaled to give unity for® H. (iii) Torque can be exerted on the departing dthly from

an asymmetric transition state, or conversely, low rotational

of the H, PHOFEX and glyoxal fluorescence intensities for four - excitation in the H product correlates with dissociation through
vibrational bands. With these quantities known, eq 5 may be a symmetric transition state.
rearranged to a form which is proportionaki which describes The TWC in the dissociation of glyoxal compares favorably
how the yield of the H state ¢ = 1, J = 1) in the triple  yjth other concerted kelimination reactions for each of these
whammy channel varies with vibrational energy in the initially  model features. Table 3 summarizes the details relevant to such
excited$, glyoxal. The entries listed in Table 2 f@ do not 3 model from photodissociation experiments involving form-
show a smooth variation with vibrational energy but show a gidehydé*75and cyclohexadien®;’6and compares them with
modest dependence on the vibrational mode excited. The largesthe TWC for glyoxal. In each case, the product average
yield corresponds to excitation in th¢?band, the out of plane  tranglational energy amounts to roughly two-thirds of the
torsional motion about the 6C bond. Such a motion would  potential energy of the exit barrier. All three dissociations result
promote the trans to cis isomerization of glyoxal which is @ jn sybstantial vibration in the Has indicated by the ratio of
necessary step on the way to the transition state and dissociatiomyopylation inv = 1 to that inu = 0. For glyoxal, a lower limit
via the triple whammy channel as proposed by Osamura®ét al. \yas estimated based on the two-photon line strength f&&tors
Excitation of the C-H wagging mode (@) is only slightly less  and considerations of the laser energies and the signal-to-noise
efficient at promoting the yield of the triple whammy channel  ratios obtained in our experiments. With the large vibrational
than excitation to the vibrationless mode&%0 Excitation of spacing of H, even a ratio of 11%, as for cyclohexadiene,
the C-C—0 bending mode (8), however, leads to a signifi-  corresponds to a very hot vibrational distribution with a
cantly reduced yield, perhaps due to vibrational motion which yiprational temperature near 3000 K. Both glyoxal and cyclo-
hampers the isomerization process or which prevents access texadiene dissociations have significantly less average energy
the minimum energy path along the TWC reaction coordinate. in H, (, = 1) rotation than for formaldehyde. These results agree

F. Comparison to Photodissociation of Formaldehyde, |l with the ab initio calculations of symmetric transition states
Cyclohexadiene.All three channels in the photodissociation  for glyoxat? and cyclohexadied&and an asymmetric transition
of glyoxal are examples of reactions which involve the breaking state for formaldehyd® Notice that the/—J vector correlations
of several bonds and the formation of a new bond to form gjgq appear to follow this trend, that is||J occurs with
products. There has long been interest in determining whethergissociation from symmetric transition states (glyoxal and

such bonding changes occur sequentially or in a concertedcyciohexadiene), andJ occurs with the dissociation via an
fashion. Direct detection of intermediate species is one experi- gsymmetric transition state (formaldehyde).

mental method which clearly indicates that the reaction proceeds

in a stepwise mannéP. A less direct approach has been to V. Conclusion

measure the internal energy distributions of the several products

and to compare the results with model predictions in the limiting  Dissociation of glyoxal in the 440 nm region produces
cases of the stepwise or concerted mechanisms. A maximummolecular hydrogen as a primary product, confirming that a
entropy model using information theory, for example, has been fraction of the dissociation takes place via a channel that gives
developed and discussed with reference to photodissociationthree photoproducts. The translational and internal energy
studies of acetone, carbon suboxide, stetrazine®® A simpler distributions of the molecular hydrogen are consistent with
model correlates the partitioning of energy among the degreescalculations of the transition state for this dissociatior? It

of freedom of the dissociation products with the structure of is a common observation that much of the energy difference
the parent molecule at its transition state. This model has beenalong the reaction coordinate between the transition state and
applied to reactions which are generally understood to follow a the products is released as translation, particularly if the
concerted dissociation such as the elimination of molecufar H transition state occurs late in the exit valley. The translational
in the photodissociation of alken&s’2 It has also been  energy of the Hand CO products is about 46 kcal malvery
discussed with reference to the dissociative electron impact close to the barrier energy for the triple whammy channel found
ionization of simple alkanes and the resulting®Hnternal experimentall§® to be 47 kcal moi® and by ab initio theoretical
energy distributiong? calculationé® to be 54.6 kcal mol'. The H vibrational

TABLE 3: Comparison of Energy Partitioning for H , Elimination in the Photodissociation of Formaldehyde, Glyoxal, and
Cyclohexadiene

CHZO - Hz + CO CszOz e H2 +2CO QHg e H2 + CeHe
Eavai|ab|e(kcal morl) ~86 ~67 ~141
Ebarrier (kcal mol) 80 47 44
EtranJEavailable >0.65 0.69 >0.5-0.8
Hz: P(v = 1)/P(v = 0) ~1.7 >0.15 0.11
Ho (v =1): [Eonld 1200+ 120 cn1?t 725+ 52 cntt 716+ 110 cnrt
H,: v—J correlation v v||J v||J
transition state asymmetric symmetric symmetric

refs 74,75,78 this work, 47, 51 70,76, 78
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distribution is characterized by substantial population i 1,
with some population iy = 2, whereas a FranekCondon
prediction of the H vibrational energy based on the transition
state geometry would also predict tbrational energy between
v =1 andv = 2. The H rotational energy is found to be only

about 3% of the total available energy, consistent with the planar
geometry calculated for the transition state. Somewhat surpris-

ingly, the small rotational excitation that we observe shows that
the H; is rotating with itsJ vector parallel to its recoil velocity.

Such excitation might reasonably be caused by out of plane

torsion of the transition state structure, a motion that must be
present in order for theérans-glyoxal to rotate into the cis
conformation of the transition state. Further evidence that this
torsional mode is important to the dissociation comes from the
observation that the7 excitation of this vibrational mode in

S glyoxal leads to an increased yield of When compared to
excitation of the @, 5!, or &' bands. Finally, the vector
correlation and energy distributions we found for the glyoxal
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