
Wavelength-Dependent Photolysis of Glyoxal in the 290-420 nm Region

Yunqing Chen and Lei Zhu*

Wadsworth Center, New York State Department of Health, Department of EnVironmental Health and
Toxicology, State UniVersity of New York, Albany, New York 12201-0509

ReceiVed: NoVember 14, 2002; In Final Form: April 7, 2003

We have studied the gas-phase photolysis of glyoxal, (CHO)2, at 10 nm intervals in the 290-420 nm region
by using dye laser photolysis coupled with cavity ring-down spectroscopy. Absorption cross sections of glyoxal
have been measured. The HCO radical is its photodissociation product. The dependence of the HCO quantum
yield on photodissociation wavelength, glyoxal pressure, and nitrogen buffer gas pressure has been determined.
The HCO yields decrease with increasing glyoxal pressure in the 1-8 Torr range, owing to the increasing
HCO radical reactions at higher glyoxal pressures and quenching by ground-state glyoxal. After separation
of the contribution of HCO radical reactions, the aldehyde pressure quenching effect was still observed in the
320-420 nm region, and this effect increased with increasing wavelength. The HCO radical yields (allλ)
and the ratios of quenching to unimolecular decay rate constants of excited glyoxal (λ g 320 nm) are given.
The peak HCO yield is 2.01( 0.08 (error quoted only includes 1σ measurement uncertainty) at 390 nm,
consistent with the occurrence of the (HCO)2 + hν f 2HCO channel. The HCO radical yields are around
1.56( 0.22 in the 320-370 nm region, indicating the simultaneous occurrence of (HCO)2 + hν f 2HCO
and (HCO)2 + hν f HCO + H + CO channels. The HCO radical yields are 0.50( 0.01, 0.68( 0.02, and
0.84( 0.07 at 290, 300, and 310 nm, respectively, which may suggest the opening of an additional photolysis
channel at higher photon energies. The dependence of the HCO quantum yield on nitrogen buffer gas pressure
was examined between 10 and 400 Torr. The HCO radical yields are independent of nitrogen pressure in the
290-370 nm range, but they decrease with increasing nitrogen pressure in the 380-420 nm region. A
comparison of the wavelength-dependent HCO radical yields with results obtained from previous dynamics
and quenching studies provides insight into the mechanism of glyoxal photodissociation as a function of
wavelength.

Introduction

Glyoxal, (CHO)2, is formed in the atmosphere by air
photooxidation of aromatic hydrocarbons in the presence of NOx

and by ozonolysis and OH-initiated oxidation of 1,3-butadiene.1-3

The electronic absorption spectrum of glyoxal consists of two
bands in the 220-480 nm region.4,5 The higher-energy band
(220-320 nm) is entirely diffuse and peaks at 280 nm, while
the longer-wavelength band (340-480 nm) exhibits fine struc-
ture with maximum absorption at 455 nm. The longer-
wavelength band is composed of two transitions, an extremely
weak ã3Au r X̃ 1Ag(π*rn) transition with a 520.8 nm 0-0
band and a relatively much stronger A˜ 1Au r X̃ 1Ag(π*rn)
transition with a 455 nm 0-0 band. Absorption cross sections
of glyoxal in the actinic UV region have been measured,6-8

and there is a good agreement between cross section values
reported by Orlando and Tyndall7 and by Horowitz and co-
workers.8 Photodissociation of glyoxal has been investigated
in an environmental chamber by Plum and co-workers.6 Their
study indicated that photolysis is the major tropospheric loss
process for glyoxal. However, the effective glyoxal photolysis
quantum yield reported depends on the spectral distribution used
in their study. There is also a recent paper9 that reports the
photolysis frequency of glyoxal relative to NO2. The following
dissociation pathways are thermodynamically allowed, following

excitation of glyoxal in the near UV and visible region:

where threshold wavelengths were calculated from the corre-
sponding enthalpy changes. The collisionless photodissociation
dynamics of glyoxal in the 440-455 nm region have been
investigated extensively10-13 and the occurrence of the CH2O
+ CO, H2 + 2CO, and CO+ HCOH photolysis pathways have
been confirmed (glyoxal photolysis pathways leading to the
formation of CH2O + CO, H2 + 2CO, and CO+ HCOH are
referred to as the formaldehyde channel, the triple whammy
channel, and the hydroxymethylene channel in the literature12,14).
Parmenter’s group observed formaldehyde and carbon monoxide
products following collision-free dissociation of glyoxal at 455
nm which suggested the occurrence of dissociation via internal
conversion to the ground singlet electronic surface (X˜ 1Ag)
before the formation of products.10 Burak and co-workers used
vacuum UV laser-induced fluorescence to monitor the internal
state distribution and vector correlation of the CO product
following selective excitation (440-455 nm) of glyoxal to
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(HCO)2 + hν f 2HCO (λ e 417 nm) (1)

f H + CO + HCO (λ e 334 nm) (2)

f CH2O + CO (all λ) (3)

f H2 + 2CO (allλ) (4)

f CO + HCOH (λ e 546 nm) (5)
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individual vibronic levels of its first excited singlet state (A˜
1Au).11 There is a molecular beam study of the photodissociation
of glyoxal at 440 nm in which the arrival time distribution of
mass 28 and 30 fragments has been examined.12 This molecular
beam work suggested that dissociation channels H2CO + CO,
H2 + 2CO, and HCOH+ CO coexist at 440 nm, with relative
yields of 65%, 28%, and 7%, respectively. H2 production has
been detected following excitation of glyoxal at 440 nm using
vacuum UV laser-induced fluorescence and (2+ 1) resonance
enhanced multiphoton ionization, and the internal state distribu-
tion of H2 has been measured.13 Fluorescence spectra (A˜ 1Au

f X̃ 1Ag transition) of glyoxal in a supersonic jet following
laser excitation in the 393-417 nm region14 have been recorded.
Chang and Chen15 observed quantum beats resulting from the
coherently excited mixed triplet and singlet states in the decay
of fluorescence from jet-cooled glyoxal. They also proposed a
dissociation channel, e.g., formation of 2HCO, from glyoxal
photolysis at the excited triplet surface in addition to the CH2O
+ CO, H2 + 2CO, and CO+ HCOH product channels resulting
from dissociation at the ground singlet surface. In the presence
of collisional perturbation, intersystem crossing to the triplet
state (1Au - 3Au) readily occurs,16 and the following glyoxal
photolysis studies were obtained under bulk conditions. Lang-
ford and Moore measured the HCO radical yield from photo-
decomposition of glyoxal at 308 nm by using laser photolysis/
resonance absorption technique.17 Our group previously used
cavity ring-down spectroscopy to quantify the HCO radical
yields from the photodissociation of glyoxal at 193, 248, 308,
and 351 nm.18 Determination of wavelength-dependent pho-
tolysis pathways and quantum yields of glyoxal in the actinic
UV region allows an elucidation of its atmospheric fates and
provides insight into the mechanism of glyoxal photodissociation
as a function of wavelength.

Presented in this paper are results obtained from an experi-
mental investigation of the photolysis of glyoxal at 10 nm
intervals in the 290-420 nm region, using dye laser photolysis
combined with cavity ring-down spectroscopy.19,20Absorption
cross sections of glyoxal have been obtained at each of the
wavelengths studied. The formation yields of HCO, and their
dependence on photolysis wavelength, glyoxal pressure, and
total pressure, have been determined. Absolute HCO radical
concentrations were calibrated relative to those obtained from
formaldehyde photolysis or from the Cl+ H2CO f HCl +
HCO reaction. Atmospheric photodissociation rate constants and
lifetimes of glyoxal have been estimated as a function of zenith
angle for cloudless conditions at sea level and at 760 Torr
nitrogen pressure.

Experimental Technique

The experimental apparatus has been described in detail in
our previous publications.21-24 Two laser systems, one for the
photolysis of glyoxal and the other for the detection of HCO
photoproduct, were used in the experiments. Photolysis radiation
was provided either by the fundamental or by the second-
harmonic output of a tunable dye laser pumped by a 308 nm
XeCl excimer laser (∼200 mJ/pulse). Laser dyes used to cover
the 290-330 nm region included Rhodamine 6G, Rhodamine
B, Rhodamine 101, and DCM. Laser dyes used in the 340-
420 nm region werep-terphenyl, DMQ, QUI, and Stilbene 3.
The photolysis beam was introduced into the reaction cell at a
15° angle with the main cell axis through a sidearm. The
monitoring laser pulse (613-617 nm) from a dye laser pumped
by a nitrogen laser was directed along the main optical axis of
the cell. The pump and probe laser beams crossed one another

at the center of the reaction cell, vacuum-sealed with a pair of
high-reflectance cavity mirrors. The base path length between
the two cavity mirrors was 50 cm. A fraction of the probe laser
pulse was injected into the cavity through the front mirror. The
light intensity decay inside the cavity was measured by
monitoring the weak transmission of light through the rear mirror
with a photomultiplier tube (PMT). The PMT output was
amplified, digitized, and sent to a computer. The decay curve
was fitted to a single-exponential decay function, from which
the ring-down time constant and the total loss per optical pass
were computed. The ring-down time constant was on the order
of 27 µs for an empty cavity, with 60 ppm transmission loss
per mirror. In the presence of absorbing species, the cavity decay
time shortened. By measurement of the cavity losses with and
without a photolysis pulse, the HCO absorption from the
photolysis of glyoxal was obtained. A pulse/delay generator was
used to vary the delay time between the firing of the photodis-
sociation and the probe lasers. The photolysis laser pulse energy
was measured with a calibrated Joulemeter.

Gas pressure was measured at the center of the reaction cell
with a Baratron capacitance manometer. Quantum yield mea-
surements were made at a laser repetition rate of 0.1 Hz to
ensure replenishment of gas samples between successive laser
pulses. Spectrum scan was performed at a laser repetition rate
of 1 Hz. All experiments were carried out at an ambient
temperature of 293( 2 K.

Glyoxal was produced by pyrolyzing the glyoxal trimeric
dihydrate (g99%; Aldrich) in the presence of phosphorus
pentoxide (P2O5) in a vacuum manifold.25 The gas-phase sample
was collected in a glass bulb after passing through a P2O5

column. Formaldehyde was generated by pyrolysis of polymer
paraformaldehyde (g95% purity; Aldrich) at 110°C. Nitrogen
(g99.999% purity; Northeast Gas Technology) and chlorine
(g99.5% purity; Matheson) were used without further purifica-
tion.

Results and Discussion

Absorption Cross Sections of Glyoxal in the 290)420 nm
Region. Shown in Figure 1 and Table 1 are the room-
temperature absorption cross sections of glyoxal determined at
10 nm intervals in the 290-420 nm region. The absorption cross

Figure 1. Absorption cross sections of glyoxal in the 290-420 nm
region: (9) this work; (-) Orlando and Tyndall;7 (...) Horowitz et al.8
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section at each wavelength was obtained by monitoring the
transmitted photolysis photon intensity as a function of glyoxal
pressure in the cell, and by applying Beer’s law to the data
obtained. Error bars quoted (1σ) are the estimated precision of
cross section determination, which includes the standard devia-
tion for each measurement (∼0.5%) plus the standard deviation
about the mean of at least four repeated experimental runs.
Besides random errors, systematic errors also contribute to the
uncertainty in cross section values. The major sources of
systematic errors are those involving pressure (0.1%) and path
length (0.2%) determinations and those resulting from the
presence of impurity (∼1%) in glyoxal. When relative (see Table
1) and systematic errors are summed, the overall uncertainty
for glyoxal cross section measurements is about 5-10% for all
wavelengths. Included in Figure 1 for comparison are cross
section results reported by Orlando and Tyndall7 and by
Horowitz and co-workers.8 Our cross section data for glyoxal
agree to within 10% with those obtained previously in the 290-
310 nm region and at 330, 340, 400, and 420 nm, 15% at 320,
370, and 390 nm, 20% at 360 and 410 nm, 35% at 380 nm,
and 45% at 350 nm. The difference between our cross section
value at 380 nm and those obtained previously may be the result
of a difference in spectral resolution used in various studies.
The difference between our cross section data and those obtained
previously at 350 nm is probably a result of its low cross section
value, and thus it is subject to higher uncertainty.

Time-Resolved Studies of the Photolysis of Glyoxal in the
290)420 nm Region.Displayed in Figure 2 is a cavity ring-
down absorption spectrum of the product after 390 nm pho-
tolysis of glyoxal. Also shown in the same figure is a previously
reported absorption spectrum of HCO in the same wavelength
region.26 A comparison of these two spectra indicates that the
HCO radical is a photolysis product of glyoxal. The cavity ring-
down spectrometer was tuned to the HCO X2A′′ (0,0,0)f A2A′
(0,9,0) R bandhead at 613.8 nm, and the HCO concentration
was followed as a function of time. Figure 3 shows a time-
dependent variation of the HCO concentration obtained in the
390 nm photolysis of 3 Torr of glyoxal, along with a fit of the
HCO decay profile using the following kinetic scheme:

This modeling scheme assumes that the (HCO)2 + hν f 2HCO
channel is the only important radical formation channel from
the photolysis of glyoxal at 390 nm. (As described in a later

section, the HCO yield from the photodissociation of glyoxal
at 390 nm is 2.01.) At the detection time (t g 15µs) and glyoxal
pressure (3-6 Torr) used, the rotational and the vibrational
relaxation of the HCO fragment from glyoxal photolysis is
expected to be completed (single collision occurs at∼0.03µs
for 3 Torr of glyoxal at room temperature). Time-resolved HCO
decay profiles from the photodissociation of 3 and 6 Torr glyoxal
were compared with those calculated by the ACUCHEM
simulation program.27 The following input parameters were
used: rate constants for the HCO+ HCO and HCO+(HCO)2
reactions (kHCO+HCO and kHCO+(HCO)2), and the initial HCO
concentration ([HCO]0). Initial values ofkHCO+HCO andkHCO+(HCO)2
were given to the program, and the simulated HCO profiles
were compared with the experimental results. Values of
kHCO+HCO and kHCO+(HCO)2 were adjusted until optimum fits

TABLE 1: Absorption Cross Sections of Glyoxal as a
Function of Wavelength

λ (nm) σ (10-20 cm2 molecule-1)

290 3.21( 0.07a

300 3.71( 0.23
310 2.65( 0.01
320 1.51( 0.12
330 1.42( 0.06
340 0.56( 0.01
350 0.63( 0.03
360 0.64( 0.07
370 0.88( 0.04
380 2.75( 0.29
390 2.85( 0.22
400 3.67( 0.05
410 4.57( 0.21
420 4.74( 0.19

a Uncertainty (1σ) represents experimental scatter.

HCO + HCO f H2CO + CO (6)

HCO + (HCO)2 f products (7)

Figure 2. Lower trace: low-resolution cavity ring-down absorption
spectrum of the product from 390 nm photolysis of 6.2 Torr of glyoxal.
Upper trace: intracavity laser absorption spectrum of the (000)f (090)
vibronic transition of HCO following photolysis of 0.1 Torr of CH3-
CHO/10 Torr Ar at 266 nm (adapted from ref 26).

Figure 3. Time-dependent variation of the HCO radical concentration
in the photolysis of 3 Torr of glyoxal at 390 nm. Filled circles:
experimental results. Solid line: calculated profile using the ACUCHEM
simulation program.
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of experimental profiles were accomplished. Coefficients
kHCO+HCO andkHCO+(HCO)2 thus extracted are (4.7( 0.6)× 10-11

and (2.9( 0.4)× 10-14 cm3 molecule-1 s-1, respectively, where
uncertainty (1σ) represents experimental scatter only. The HCO
decay profiles at these two glyoxal pressures are well fitted by
the extractedkHCO+HCO and kHCO+(HCO)2. The accuracy of the
kHCO+HCO measurement is affected by the accuracy in the
determination of the HCO absorption cross section (σHCO) and
its initial concentration ([HCO]0) and by the time resolution of
the cavity ring-down spectroscopy (∼15-24µs around 613 nm).
TheσHCO value used in the calculation was∼1.8× 10-18 cm2/
molecule. The initial HCO concentration was in the range of
6.7 × 1013 to 10.3× 1013 molecules‚cm-3 when the glyoxal
pressure was varied between 3 and 6 Torr. The overall
uncertainty in the extracted value ofkHCO+HCO is about 50%.
The extractedkHCO+HCO agrees well with the recommended rate
constant28 for the HCO+ HCO reaction (k ) 2.5 × 10-11 to
10.0 × 10-11 cm3 molecule-1 s-1 at 300 K). The value of
kHCO+(HCO)2 influences mainly the HCO decay profile at a time
scale on the order of hundreds of microseconds. Since the HCO
decay profiles were measured at glyoxal pressures under the
condition [HCO]0 , [(HCO)2]0, the overall uncertainty in the
kHCO+(HCO)2 value is about∼20%.

HCO Quantum Yields from the Photolysis of Glyoxal in
the 290-420 nm Region.The HCO quantum yields from the
photolysis of glyoxal were determined from the ratio of the HCO
concentration produced in the photolysis/probe laser overlapping
region to the absorbed photon density in the same region. The
overlapping region could be envisaged as a rectangular solid
with width and height defined by the dimensions of the
photolysis beam, and length defined by (beam width)× tan
(15°)-1, where 15° is the angle (e(0.5° uncertainty in angle
measurement) between the photolysis and probe beams (since
the concave cavity mirrors have 6 m radii of curvature, the probe
laser is expected to have a near constant radius in the cavity
and the focusing effects of the ring-down cavity mirrors can be
neglected). The photolysis beam widths varied between 1.0 and
2.5 mm, depending on the identity of the laser dyes used, while
the uncertainty in the beam width measurement is∼15%. Thus,
the length of the photolysis/probe laser overlapping region is
between 3.7( 0.6 and 9.3( 1.4 mm. The photolysis beam is
absorbed by glyoxal over the entire level arm through which it
travels. Absorbed photolysis photon density in the pump/probe
laser overlapping region can be calculated from the difference
in the transmitted photolysis beam energy entering (Ein) and
leaving (Eout) that region, the individual photon energy (hc/λ)
at the photolysis wavelength (λ), and the volume (V) of the
overlapping region by using the following formulas:

The photolysis beam energy entering or leaving the photolysis/
probe laser overlapping region can be computed form the
incident photolysis beam energy in the cell (E0), the aldehyde
absorption cross section (σ), and its density (n) in the cell, and
the absorbing path length by using Beer’s law:

wherel1 is the distance between the photolysis beam entrance

and the beginning of the pump/probe laser overlapping region.
l2 is the distance between the photolysis beam entrance and the
end of the pump/probe laser overlapping region. The incident
photolysis beam energy was measured by a calibrated Joule-
meter placed in front of the cell. The incident beam energy inside
the cell front window was corrected for transmission loss at
the front cell window (∼8% correction) and for reflection of
the photolysis beam from the rear cell window (4-9% correc-
tion). The HCO concentration after the photolysis was acquired
by measuring its absorption at 613.80 nm at a photolysis and
probe laser delay of 15µs. To convert HCO absorption into
absolute concentration, the absorption cross section of HCO at
the probe laser wavelength was determined relative either to
the formaldehyde photolysis reaction H2CO+hν f HCO + H,
for which the HCO quantum yield is known,28 or else to the Cl
+ H2CO f HCl + HCO reaction. In the 290-330 nm region,
formaldehyde photolysis calibration was used. H2CO was
produced immediately prior to each calibration run in a glass
bulb. The purity of H2CO was estimated through comparison
of its absorption cross sections with literature values.29 The H2-
CO absorption cross section was determined by measuring the
transmitted photolysis photon fluence as a function ofH2CO
pressure in the cell, and by applying Beer’s law to the data
obtained. Our H2CO cross sections (tabulated in Table 2) agree
with those obtained by Meller and Moortgat29 to within 5% at
300 nm, 10% at 290 and 320 nm, 15% at 330 nm, and 50% at
310 nm. The difference in the H2CO cross section at 310 nm is
due mostly to the different spectral resolution used between the
present (0.15 cm-1 or 0.0014 nm at a photolysis wavelength of
310 nm) and the previous study (0.5 nm) and the fine absorption
feature of H2CO around 310 nm. Although formaldehyde
displays some structures in its UV absorption band, we have
no difficulty in obtaining reproducible cross section measure-
ments at all wavelengths except for 310 nm. At 310 nm, there
is day-to-day fluctuation of cross section values due to the
combination of sharp absorption features of formaldehyde at
this wavelength and the photolysis laser bandwidth to be larger
than formaldehyde line width (the same grading setting was
used in H2CO cross section and HCO yield measurement, and
we obtained reproducible HCO radical yield at 310 nm). Since
the HCO absorption was measured at 15µs after the photolysis
of H2CO, the following sequence of reactions has been used to
calculate the HCO concentration att ) 15 µs (the HCO
concentration att ) 0 was calculated from the absorbed photon

absorbed photon density)
Ein - Eout

h(c/λ)V

V ) beam width× beam height×
length of the overlapping region

Ein ) E0 exp(-σnl1)

Eout ) E0 exp(-σnl2)

TABLE 2: Absorption Cross Sections of Formaldehyde and
Chlorine

λ (nm) σH2CO (10-20 cm2 molecule-1) σCl2 (10-20 cm2 molecule-1)

290 1.24( 0.14a

300 1.01( 0.06
310 3.34( 0.08
320 1.08( 0.10 22.4( 0.7
330 4.41( 0.15
340 21.9( 0.8
350 20.5( 1.8
360 10.5( 0.1
370 7.9( 0.1
380 3.6( 0.3
390 3.3( 0.1
400 1.8( 0.1
410 1.1( 0.1
420 0.99( 0.12

a Uncertainty (1σ) represents experimental scatter.

4646 J. Phys. Chem. A, Vol. 107, No. 23, 2003 Chen and Zhu



density in the photolysis/probe laser overlapping region and the
literature28 HCO yields from the H2CO photolysis):

A kHCO+HCO of 4.7 × 10-11 cm3 molecule-1 s-1 determined
from this work was used in the fitting. LiteraturekH + HCO )
1.5 × 10-10 cm3 molecule-1 s-1 andkH + H2CO ) 3.8 × 10-14

cm3 molecule-1 s-1 were also used in the simulation.30 At 320
nm and in the 340-420 nm region, the absolute HCO
concentration was calibrated relative to the Cl+ H2CO reaction.
The Cl+ H2CO calibration was made by first introducing only
H2CO into the cell and measuring the HCO radical absorption
from the formaldehyde photolysis. Initial concentrations of HCO
radicals ([HCO]0) and hydrogen atoms ([H]0) from formaldehyde
photolysis were computed. A mixture of chlorine (Cl2) and H2-
CO (an equal amount of H2CO as in the formaldehyde
photolysis) was subsequently introduced into the cell, and the
HCO absorption at 15µs after the photolysis of a Cl2/H2CO
mixture was determined. Chlorine and formaldehyde were
introduced into the cell at a pressure ratio ofPCl2/PH2CO ) 1:5
(Ptotal ) 0.6 and 1.2 Torr) to ensure that Cl atoms produced
from the photolysis of Cl2 reacted only with H2CO. Absorption
cross sections of Cl2 were determined at 320 nm and in the
340-420 nm region. They are listed in Table 2. They agree
with literature values31 to within 5% at 320, 400, and 420 nm,
10% at 340, 350, and 370 nm, 15% at 390 and 410 nm, 20% at
360 nm, and 30% at 380 nm. The following sequence of
reactions can occur at 15µs after the photolysis of a Cl2/H2CO
mixture:

Chlorine atoms in eq 10 are produced from the photolysis of
Cl2. Those in eq 11 are generated from the reaction of Cl2 with
HCO. Chlorine atoms in eq 13 are a product of the reaction of
Cl2 with H atoms generated from formaldehyde photolysis.
Reactions 12 and 14 represent the generation of HCO through
reactions of secondary Cl atoms with H2CO. The following input
parameters were given to the ACUCHEM program to calculate
the HCO concentration at 15µs after the photolysis of a Cl2/
H2CO mixture: the initial concentration of chlorine atoms ([Cl]0)
from the photolysis of Cl2, the initial concentrations of
formaldehyde ([H2CO]0) and chlorine ([Cl2]0), the initial
concentrations of HCO radicals ([HCO]0) and hydrogen atoms
([H]0) from the photolysis of formaldehyde, and the literature
rate constants (in units of cm3 molecule-1 s-1) for the Cl +
H2CO (7.3× 10-11), HCO + Cl2 (7.6 × 10-12), and H+ Cl2
(2.0× 10-11) reactions.28,32,33The HCO absorption cross section
(σHCO) was obtained from the equation

whereAt)15 µs and [HCO]t)15 µs are, respectively, the round-trip
HCO absorption and HCO concentration at 15µs after the

photolysis of a Cl2/H2CO mixture while l equals (photolysis
beam width)/sin (15°). At 320 nm, both formaldehyde photolysis
and the Cl+ H2CO reaction were used to calibrate the absolute
HCO concentration. The HCO absorption cross sections ob-
tained by these two methods agree to within 7%.

The dependence of the HCO radical quantum yields on
glyoxal pressure was examined by determining the HCO radical
yields from the photolysis of 1, 2, 4, 6, and 8 Torr of glyoxal.
The HCO radical yields decrease with increasing glyoxal
pressure at all wavelengths, possibly due to the quenching of
the excited glyoxal by the ground-state glyoxal molecules and
the increasing HCO radical reactions at higher glyoxal pressures.
To separate HCO radical reactions from the quenching process,
the HCO radical yields att ) 0 was deduced by using the
ACUCHEM program to convert the experimentally determined
HCO radical yields at 15µs following photolysis to that att )
0. The HCO radical reactions considered in the simulation
include the following: HCO+ HCO f H2CO + CO, H +
HCO f H2 + CO, and HCO+(CHO)2 f products in the 290-
370 nm region; HCO + HCO f H2CO + CO and
HCO+(CHO)2 f products in the 380-420 nm region (as
described later in this section, the HCO radical yield of∼1.5
at 370 nm seems to suggest the simultaneous occurrence of the
(HCO)2 + hν f 2HCO and (HCO)2 + hν f HCO + H + CO
photolysis channels). After separation of the HCO radical
reactions, the glyoxal pressure quenching effect was still
observed in the 320-420 nm region. Figure 4 shows plots of
both the uncorrected and the corrected HCO yields as a function
of glyoxal pressure at a photolysis wavelength of 370 nm. As
seen from this figure, the corrected HCO quantum yields still
decrease with increasing glyoxal pressure at 370 nm, indicating
a glyoxal pressure quenching effect. The corrected reciprocal
HCO radical yields were plotted against glyoxal concentration
([(HCO)2]) according to the Stern-Volmer equation:

where æ0
HCO is the HCO yield extrapolated to zero glyoxal

pressure, andkQ
(HCO)2/kD

(HCO)2 is the ratio of quenching to
unimolecular decay rate constant of excited glyoxal. Displayed
in Figure 5 is a plot of 1/æHCO vs [(HCO)2] obtained from 370

HCO + HCO f H2CO + CO (6)

H + HCO f H2 + CO (8)

H + H2CO f H2 + HCO (9)

Cl + H2CO f HCl + HCO (10)

Cl2 + HCO f HClCO + Cl‡ (11)

Cl‡ + H2CO f HCl‡ + HCO (12)

H + Cl2 f HCl + Cl* (13)

Cl* + H2CO f HCl* + HCO (14)

At)15 µs ) σHCO[HCO]t)15 µs2l

Figure 4. HCO radical quantum yields as a function of glyoxal pressure
at a photolysis wavelength of 370 nm. Filled circles: uncorrected yields.
Squares: yields that have been corrected for the HCO radical reactions
at 15µs.

1/æHCO ) 1/æ0
HCO+ (kQ

(HCO)2
/kD

(HCO)2
)[(HCO)2]
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nm photolysis of (HCO)2. As can be seen, the plot is linear.
Values ofæ0

HCO (all λ) andkQ
(HCO)2/kD

(HCO)2 (λ g 320 nm) as
a function of the photolysis wavelength are tabulated in Table
3 and plotted in Figure 6 (æ0

HCO only). As seen from Figure 6,
the peak HCO yield is 2.01( 0.08 (1σ uncertainty) at 390 nm,
consistent with the occurrence of the (HCO)2 + hν f 2HCO
channel. The HCO radical yields are on the order of 1.56(
0.22 in the 320-370 nm region, indicating the simultaneous
occurrence of the (HCO)2 + hν f 2HCO and (HCO)2 + hν f
HCO + H + CO channels with branching ratios for these two
channels of∼0.56 and ∼0.44, respectively. Although the
calculated photochemical threshold for the opening of HCO+
H + CO channel from glyoxal photolysis is 334 nm, the HCO
yield of ∼1.5 at 370 nm seems to suggest the occurrence of
this channel at wavelengths longer than the calculated photo-
chemical threshold. One possible explanation for the occurrence
of HCO + H + CO product channel at photolysis wavelength
longer than the calculated photochemical threshold is that there
is probably uncertainty in the enthalpy of formation of HCO.
We observed a similar effect in the benzaldehyde photolysis.34

Although the calculated photochemical threshold for the forma-
tion of HCO+ C6H5 is 292 nm, we observed HCO product at
photolysis wavelength of 308 nm. Another possible explanation
is that the thermalized glyoxal molecules might contribute their

internal energy to reach the photodissociation threshold. The
HCO radical yields from glyoxal photolysis are 0.50( 0.01,
0.68 ( 0.02, and 0.84( 0.07 at 290, 300, and 310 nm,
respectively, which may be suggestive of the opening of an
additional photolysis pathway at higher photon energies. The
reduced HCO yields atλ g 400 nm may be the result of
dissociation at near-threshold wavelengths, and/or the result of
the opening of competing dissociative processes such as the
opening of CH2O + CO, H2 + 2CO, and CO+ HCOH product
channels at the longer-wavelength tail. Error bars in quantum
yield measurements were calculated using cumulative error
analysis of the standard deviations of at least two 1/æHCO vs
[(HCO)2] plots. Systematic errors include uncertainties in the
determination of the following parameters: HCO absorption
cross section (∼20%), glyoxal concentration and cross section
(10-15%), pulse energy (∼5%), angle between the photolysis
and probe lasers (3%), and the dye laser width. Since the HCO
radical yields from the photolysis of glyoxal were determined
relative to those obtained from H2CO photolysis or from the
Cl + H2CO reaction, uncertainty in dye laser width measurement
should not directly affect the relative HCO quantum yields, but
it will affect the correction of the HCO radical reactions. As a
result, uncertainty in dye laser width measurement will indirectly
affect the yield data. Taken together the relative (∼10%) and
systematic errors, the overall uncertainty in the determination
of æ0

HCO is about 50% in the wavelength range studied. Values
of kQ

(HCO)2/kD
(HCO)2 (λ g 320 nm) determined in this work are

in the range of 0.37× 10-18 to 2.0× 10-18 cm3/molecule. The
previously reported quenching rate constant35 for low-lying
levels of the 1Au state of glyoxal by ground-state glyoxal
molecule is around 6.3× 10-11 cm3 s-1. Thus, unimolecular
decay rate constants of excited glyoxal in the presence of excess
ground-state glyoxal molecules are on the order of 1.7× 108

to 3.2× 107 molecule s-1.
A comparison of the wavelength-dependent HCO radical

yields from glyoxal photolysis obtained from this work with
results15,36 obtained from the previous glyoxal fluorescence
spectra and lifetime measurements sheds light on the mechanism
of glyoxal photodissociation. Chang and Chen15 measured
fluorescence spectra of glyoxal in a supersonic jet following
laser excitation in the 393-417 nm region and observed
quantum beats resulting from the coherently excited mixed
triplet and singlet states in the decay of fluorescence. They

Figure 5. Stern-Volmer plot of the reciprocal HCO radical yields as
a function of (HCO)2 concentration at a photolysis wavelength of 370
nm. Filled circles: experimental data. Solid line: fit of the data to the
Stern-Volmer expression.

TABLE 3: Values of æ0
HCO and kQ/kD from the Photolysis of

Glyoxal

λ (nm) æ0
HCO kQ/kD (10-18 cm3/molecule)

290 0.50( 0.01a 0
300 0.68( 0.02 0
310 0.84( 0.07 0
320 1.43( 0.02 0.49( 0.06
330 1.77( 0.12 0.46( 0.28
340 1.54( 0.01 0.62( 0.03
350 1.34( 0.06 0.37( 0.20
360 1.62( 0.15 0.71( 0.22
370 1.49( 0.04 0.96( 0.15
380 1.91( 0.13 0.77( 0.28
390 2.01( 0.08 1.0( 0.1
400 0.74( 0.08 1.1( 0.2
410 0.56( 0.04 1.6( 0.9
420 0.48( 0.03 2.0( 0.1

a See text for the discussion of true errors.

Figure 6. Zero-pressure HCO radical yields from glyoxal photolysis
as a function of photodissociation wavelength.
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proposed a new dissociation channel, e.g., formation of 2HCO,
from glyoxal photolysis at the excited triplet surface. Our HCO
radical yields of about 2 at 380 and 390 nm confirm the
prediction of the (HCO)2 + hν f 2HCO channel by Chang
and Chen in the wavelength region they studied. As can be seen
from the description follows, intersystem crossing to the excited
triplet is very efficient at the excitation energy (λ e 390 nm)
and glyoxal pressure (g1 Torr) used. Radical products are most
likely a result of dissociation at the excited triplet surface. Van
der Werf et al.36 measured low-pressure glyoxal fluorescence
decay time over the A˜ -X̃ absorption band and distinguished
three excitation regions as a result of different fluorescence
decay behavior. For excitation wavelength at or longer than 420
nm, only a microsecond decay was observed. For excitation
wavelength in the 392.5-414.5 nm region, the fluorescence
decay showed a short-lived component with lifetime of a few
nanoseconds in addition to the long-lived component. For
excitation wavelength at or shorter than 392.5 nm, only the
nanosecond emission can be observed. Van der Werf et al.
interpreted their results in terms of the increasing vibronic
singlet-triplet mixing (or increasing triplet-state density) as a
function of excess vibrational energy. For excitation wavelength
at or longer than 420 nm, the amount of vibronic coupling is
almost negligible and the fluorescence decay rate is determined
only by zero-order singlet relaxation. For excitation wavelength
in the 392.5-414.5 nm region, the decay is determined by both
zero-order singlet and zero-order triplet relaxation. The short
decay is a result of constructive interference between the
molecular eigenstates. For excitation wavelength at or shorter
than 392.5 nm, the singlet-triplet mixing is very strong and
the molecular eigenstates are essentially pure triplets. The triplet
relaxation at high excess energies is efficient through intersystem
crossing to the ground state and/or photochemistry. Our HCO
radical yields are 0.74 and 0.56 at 400 and 410 nm. At these
wavelengths, intersystem crossing to the excited triplet state is
not as efficient as that at 390 nm for glyoxal. As a result, both
intersystem crossing to the excited triplet and internal conversion
to the ground singlet are important. Dissociation can occur at
the triplet surface to form radicals ((HCO)2 + hν f 2HCO)
and at the singlet surface to form molecular products (CH2O +
CO, H2 + 2CO, and CO+ HCOH). This explains why the
HCO yield increases from 0.56 to 2.0 as the wavelength changes
from 410 to 390 nm. Our HCO radical yield is 0.48 at 420 nm.
Since our study was carried out in the presence of collision
while the previous fluorescence lifetime measurements36 were
conducted in the absence of collision, our results at photolysis
wavelength of 420 nm most likely include some contribution
from dissociation at excited triplet surface and there is no
contradiction between results obtained from our wavelength-
dependent HCO yield measurement and the previous fluores-
cence lifetime measurements. The last statement is supported
by the results37,38 obtained from the investigation of collision-
induced intersystem crossing following excitation of glyoxal at
435.8 nm. Anderson and co-workers37,38used 435.8 nm radiation
from a low-pressure Hg arc to excite glyoxal above the A˜ 1Au

zero-point level. For low pressures of glyoxal (∼0.01 Torr),
only emission from A˜ 1Au was observed. At glyoxal pressures
above 0.1 Torr, both A˜ 1Au and ã3Au emissions were identified.

The dependence of the HCO radical quantum yields on total
pressure was examined by maintaining a constant glyoxal
pressure and varying the nitrogen buffer gas pressure. The HCO
quantum yields were found to be independent of nitrogen buffer
gas pressure (10-400 Torr) in the 290-370 nm region, but
they decreased with increasing nitrogen pressure in the 380-

420 nm region. Figure 7 presents a plot of the reciprocal HCO
radical yields from the 390 nm photolysis of glyoxal as a
function of nitrogen pressure. The slope of the plot represents
the ratio of quenching to the unimolecular decay rate constant
of the excited glyoxal by nitrogen [(kQ/kD)(CHO)2,N2] at 390 nm.
Since both (kQ/kD)(CHO)2,N2 andæ0

HCO have been measured as a
function of wavelength, the wavelength-dependent HCO radical
formation yields from photolysis of glyoxal at 760 Torr nitrogen
pressure can be obtained; these are summarized in Table 4.
Values of (kQ/kD)(CHO)2,N2 are in the range of 0.055× 10-18 to
0.21 × 10-18 cm3/molecule in the 380-420 nm region. The
reported quenching rate constant35 for low-lying levels of the
1Au state of glyoxal by nitrogen gas is on the order of 2.2×
10-11 cm3 s-1. The unimolecular decay rate constants of excited
glyoxal in the presence of excess nitrogen are on the order of
4 × 108 to 1 × 108 molecule s-1.

Langford and Moore17 investigated the photolysis of glyoxal
at 308 nm by using laser photolysis/resonance absorption
technique. Their experiments suggest that HCO is a direct
photoproduct of glyoxal with a quantum yield of 0.8( 0.4.
Their HCO quantum yield agrees well with the zero-pressure
HCO quantum yield of 0.81 at 308 nm obtained from this work.
However, Langford and Moore attributed all of the HCO
products to having arisen only from the (CHO)2 + hν(308 nm)
f 2HCO channel, based upon the assumption that dissociation
into H + CO + HCO was thermoneutral at 308 nm.

Our group18 previously determined the HCO quantum yields
from the photolysis of glyoxal at 193, 248, 308, and 351 nm
by using excimer laser photolysis combined with cavity ring-
down spectroscopy. HCO quantum yields of 0.69( 0.29 and
1.5 ( 0.6 were obtained at 308 and 351 nm, values in good

Figure 7. Stern-Volmer plot of the reciprocal HCO yields as a
function of nitrogen concentration following 390 nm photolysis of
glyoxal. Filled circles: experimental data. Solid line: fit of the data to
the Stern-Volmer expression.

TABLE 4: Values of kQ/kD and æHCO
760 Torr from the

Photolysis of Glyoxal in Nitrogen

λ (nm) kQ/kD (10-18 cm3/molecule) æHCO
760 Torr

380 0.062( 0.012a 0.49
390 0.055( 0.001 0.54
400 0.072( 0.012 0.32
410 0.11( 0.02 0.22
420 0.21( 0.03 0.14

a Uncertainty (1σ) represents experimental scatter.
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accord with the zero-pressure HCO quantum yields of 0.81 and
1.4 determined from the present work. Consistent with the results
from the previous work, there is no nitrogen pressure quenching
of HCO quantum yields following photolysis of glyoxal at 308
and 351 nm. There is also no glyoxal presssure quenching effect
at 308 nm, again in agreement with results from our previous
study. One difference compared with the prior work that merits
mention is that we observed in this work a small, but still
noticeable glyoxal pressure quenching of the HCO yields
following the photolysis of glyoxal at 351 nm.

There have been previous theoretical studies39,40that reported
transition state geometries, enthalpies of reaction, and activation
energies for formation of H2CO + CO, H2 + 2CO, and HCOH
+ CO products for glyoxal excitation energy in the range of
62.9-65.0 kcal/mol (440-454 nm). Since the previous inves-
tigations did not predict the dependence of excitation prob-
abilities into various transition states on photolysis photon
energy over 290-420 nm region, a direct comparison with the
present experimental results is not possible.

Photodissociation Rate Constants to Form HCO Radicals
in the Atmosphere. The atmospheric photodissociation rate
constants (krad) for HCO production (or HO2 production in the
presence of air) from the photolysis of glyoxal were calculated
from the actinic solar flux (J(λ)) reported by Demerjian and
co-workers,41 the absorption cross section of glyoxal (σ(λ)),
and the HCO radical yield at 760 Torr nitrogen pressure
(æHCO

760 Torr) using the relationship

Radical generation rate constants from the photodissociation of
glyoxal were computed as a function of zenith angle under
cloudless conditions at sea level and for best-estimate albedo
(5% in the 290-400 nm region and 6% in the 400-420 nm
region42); the results are shown in Figure 8. Our estimated
radical formation rate constants from glyoxal photolysis are 3.0
× 10-4 to 2.0× 10-4 s-1 for zenith angles in the 30-60° range.
It should be pointed out that the above calculation underesti-
mates the radical formation rates since the oxygen fraction in
air is neglected. Oxygen might encourage singlet-triplet mixing
of excited glyoxal and thus increase radical formation rates
markedly. Assuming a glyoxal photolysis quantum yield of unity

in the 290-370 nm region and using a glyoxal photolysis
quantum yield of 0.5æHCO

760 Torr in the 380-420 nm region
determined from this work, its atmospheric photodissociation
rate constants are on the order of 2.0× 10-4 to 1.1× 10-4 s-1

for zenith angles in the 0-60° range. The corresponding
photolysis lifetimes are on the order of 1.4-2.4 h. The estimated
glyoxal photolysis rate constant is in good agreement with that
of (1.05( 0.30)× 10-4 s-1 measured directly in the EUPHORE
outdoor smog chamber (Valencia) by Moortgat’s group.43 The
literature rate constant6 for OH radical reactions with glyoxal
is on the order of 1.2× 10-11 cm3 molecule-1 s-1, which
corresponds to an OH radical reaction lifetime of 24.2 h for a
globally averaged OH radical concentration of 106 cm-3. Thus,
photolysis is a primary removal process for glyoxal in the
atmosphere. OH radical reaction is only a minor degradation
pathway.
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