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Abstract

We have measured the absorption cross sections of E,E-2,4-hexadienedial at 248 nm and in the 290–430 nm region. The HCO product
channel following 248, 308, and 351 nm photolysis of E,E-2,4-hexadienedial was examined. The HCO radical was only observed at
248 nm, with quantum yield of 0.014 (absolute uncertainty in HCO yield is �86%). Estimated upper limits for the HCO yields at 308
and 351 nm are 11% and 9%. Acetylene, ketene, butadiene (all at 248 nm), CO (248 and 308 nm) have been detected as photolysis prod-
ucts of E,E-2,4-hexadienedial in 20 Torr of nitrogen. Their yields have been estimated.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

E,E-2,4-Hexadienedial (HCOCH@CHCH@CHCHO) is
a ring-cleavage product in the OH-initiated photooxidation
of aromatic hydrocarbons [1–4]. E,E-2,4-Hexadienedial is
highly toxic; it is a suspected carcinogen [5,6]. Photolysis
and reaction with OH are its important atmospheric
sinks [7,8]. The rate constant [8] for reaction of OH with
E,E-2,4-hexadienedial was determined to be (7.6 ± 0.8) ·
10�11 cm3 molecule�1 s�1. The photolysis of E,E-2,4-
hexadienedial has been investigated under smog-chamber
conditions [7,8]. The mechanism [8] of the photolysis was
proposed to involve the formation of a short-lived interme-
diate (a likely candidate is Z-3,4-diformyl-cyclobutene),
followed by dissociation into the products. Photolysis of
E,E-2,4-hexadienedial was also a source of secondary
organic aerosol [8]. So far, only the estimated UV absorp-
tion cross section data are available for E,E-2,4-hexadiene-
dial in the gas-phase, due to its low volatility (vapor
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pressure �4 mTorr at room temperature) and the difficulty
in transferring it quantitatively to the gas-phase. Quantita-
tive determination of the UV/visible absorption cross
sections, photolysis product channels, and quantum
yields of E,E-2,4-hexadienedial is necessary in order to
elucidate the atmospheric photodissociation fates of E,E-
2,4-hexadienedial and the atmospheric fates of aromatic
hydrocarbons.

Photolysis of E,E-2,4-hexadienedial can occur through
the following pathways:

HCOCH@CHCH@CHCHOþ hm

() ½Z-3; 4-diformyl-cyclobutene�
! 2CH2COþHCBCH ðk 6 847 nmÞ ðR1Þ
! HCOCH@CHCH@CHþHCO

ðk 6 292 nmÞ ðR2Þ
! HCOCH@CHCH@CHþHþ CO

ðk 6 251 nmÞ ðR3Þ
! HCOCH@CHCH@CH2 þ CO

ðk 6 5455 nmÞ ðR4Þ
! CH2@CHACH@CH2 þ 2CO

ðk 6 1463 nmÞ ðR5Þ

mailto:zhul@wadsworth.org


32 B. Xiang, L. Zhu / Chemical Physics Letters 450 (2007) 31–38
where photochemical thresholds were calculated from the
corresponding enthalpy changes [9]. Pathway (R1) is a
ketene formation channel. Pathways (R2) and (R3) are
radical formation channels. Pathways (R4) and (R5) are
molecular elimination channels.

In this Letter, we report results obtained from absorp-
tion cross section measurements of E,E-2,4-hexadienedial
at 248 nm and in the 290–430 nm region. The HCO radical
was observed after 248 nm photolysis of E,E-2,4-hexa-
dienedial, and its quantum yield has been determined.
Ketene formation was observed at 248 nm photolysis
wavelength. The end-product yields from 248 and 308 nm
photolysis of E,E-2,4-hexadienedial have been estimated
using FTIR.

2. Experimental technique

The absorption cross sections of E,E-2,4-hexadienedial
in the 290–430 nm region were determined by cavity ring-
down spectroscopy [10,11]. The cylindrical cell used for
cross section measurements was 46 cm long; the two ends
of the cell were sealed by a pair of high-reflectance cavity
mirrors. Four pairs of high-reflectance cavity mirrors with
centering wavelengths at 285 nm (covering 290–300 nm
region), 320 nm (covering 300–340 nm region), 377 nm
(covering 340–410 nm region), and 455 nm (covering 410–
430 nm region) were used in the cross section measure-
ments. The fundamental or the second harmonic output
from a XeCl excimer-pumped dye laser (but at a much
reduced fluence) was transmitted into the ring-down cavity
through the front cavity mirror. The laser dyes used to
cover the 290–430 nm region were rhodamin 6G, rhodamin
B, rhodamin 101, DCM, PTP, BBQ, DPS, and stilbene 3.
The photon intensity decay inside the cavity was monitored
with a photomultiplier tube (PMT) placed behind the rear
cavity mirror. The PMT output was amplified, digitized,
and sent to a computer. The decay curve was fitted to a sin-
gle-exponential decay function, from which the ring-down
time constant (s) and the total loss (C) per optical pass were
calculated. When cavity mirrors were properly aligned, fit-
ting of ring-down curve to single-exponential decay had a
maximum uncertainty of 5%. By measuring the cavity
losses with and without E,E-2,4-hexadienedial vapor in
the cavity, we obtained optical loss due to E,E-2,4-hexadi-
enedial absorption. Ring-down decay times for an empty
cavity were about 0.79 ls at 290 nm, 1.54 ls at 320 nm,
0.42 ls at 360 nm, and 1.17 ls at 430 nm. With E,E-2,4-
hexadienedial vapor in the cavity, ring-down decay times
reduced to as low as 0.61 ls at 290 nm, 1.30 ls at
320 nm, 0.36 ls at 360 nm, and 1.06 ls at 430 nm. The
gas pressure inside the cell was monitored by an MKS Bar-
atron capacitance manometer (1 Torr full scale, pressure
measurement accuracy is about 10�4 Torr), which can mea-
sure pressures down to 10�4 Torr. Before each experiment,
the cell was pumped with a combination of rotary and dif-
fusion pumps to 10�5 Torr. The cell had a degassing rate of
1 · 10�4 Torr/min in the absence of E,E-2,4-hexadienedial
sample. For cross section measurements, the pressure of
E,E-2,4-hexadienedial vapor inside the cell was varied
between 8 · 10�4 Torr and 4 · 10�3 Torr. The cell was
evacuated before another pressure of E,E-2,4-hexadiene-
dial was introduced into the cell to minimize the effect of
outgassing. The cavity loss of the evacuated cell was about
the same when going from one E,E-2,4-hexadienedial pres-
sure to another suggesting that E,E-2,4-hexadienedial did
not stick to the cavity mirrors. The cross section measure-
ments were made under static condition, and the E,E-2,4-
hexadienedial sample was stable (we did not observe
deposit on the mirrors or in the absorption cell). An H
NMR analysis described later in this section indicated that
the E,E-2,4-hexadienedial sample had a minimum purity of
P99.9%. It took up to 2 min. to fill 3 · 10�3 Torr of E,E-
2,4-hexadienedial in the cell. Once the cell was filled with
the sample, it took about 8 s to perform a ring-down mea-
surement with a 1 Hz laser repetition rate and eight count
average. Considering the cell degassing rate and the sample
filling time, as well as the accuracy of pressure read-out, the
maximum uncertainty in E,E-2,4-hexadienedial concentra-
tion measurement is estimated about 17%.

Photolysis of E,E-2,4-hexadienedial was carried out in a
stainless steel cell. Detailed descriptions of our experimen-
tal setup can be found elsewhere [12–14]. The output from
an excimer laser was propagated into the reaction cell at a
15� angle with the main cell axis, through a side arm. The
probe laser beam, used to monitor the HCO radical gener-
ated from the photolysis process, was directed along the
main optical axis of the cell; the cell had been vacuum-
sealed with a pair of highly reflective cavity mirrors. The
probe laser beam overlapped with the photolysis beam at
the center of the cavity. The photolysis/probe laser overlap
region can be conceptualized as a rectangular solid with its
center overlapping that of the cell, with its width and height
defined by those of the photolysis beam, and with the
length of the rectangular solid defined by (beam
width) · (tan15�)�1, where 15� is the crossing angle
between the pump and probe laser beams. The length of
the photolysis/probe laser overlap region is defined by
(beam width) · (sin15�)�1. For a 12 mm wide photolysis
beam, the length of the photolysis/probe laser overlap
region is about 4.6 cm. The HCO absorption resulting from
the photolysis of E,E-2,4-hexadienedial was obtained by
measuring the cavity losses with and without photolysis
in the 613–617 nm region (HCO X2A00 (0,0,0)! A2A 0

(0,9,0) transition). A pulse/delay generator was used to
vary the delay time between the firings of the photolysis
and the probe lasers. The incident photolysis beam energy
into the cell (E0) was measured by a calibrated Joulemeter
placed in front of the cell. The incident beam energy inside
the cell was corrected for photolysis beam transmission loss
at the front cell window, and for reflection of the photolysis
beam from the rear cell window. E,E-2,4-Hexadienedial
pressures of 6 · 10�4–3 · 10�3 Torr were used in the
HCO quantum yield measurements. The end-products
from 248 and 308 nm photolysis of E,E-2,4-hexadienedial



Fig. 1. H NMR spectrum of our E,E-2,4-hexadienedial sample.

Table 1
Absorption cross sections (r, in unit of cm2/molecule) of E,E-2,4-
hexadienedial as a function of wavelength (k)

k
(nm)

r k
(nm)

r

248 (3.32 ± 0.53a,b) · 10�17 360 (9.53 ± 0.38) · 10�20

290 (4.68 ± 0.24a,b) · 10�19 365 (1.00 ± 0.07) · 10�19

295 (1.71 ± 0.11) · 10�19 370 (9.50 ± 0.73) · 10�20

300 (5.44 ± 0.31) · 10�20 375 (8.88 ± 0.39) · 10�20

305 (3.95 ± 0.32) · 10�20 380 (9.24 ± 0.05) · 10�20

310 (7.22 ± 0.78) · 10�20 385 (7.38 ± 0.30) · 10�20

315 (6.88 ± 0.35) · 10�20 390 (6.26 ± 0.18) · 10�20

320 (7.95 ± 0.26) · 10�20 400 (5.05 ± 0.17) · 10�20

325 (8.57 ± 0.33) · 10�20 405 (3.66 ± 0.70) · 10�20

330 (9.79 ± 0.10) · 10�20 410 (3.43 ± 0.12) · 10�20

335 (1.03 ± 0.09) · 10�19 415 (3.11 ± 0.05) · 10�20

340 (9.02 ± 0.52) · 10�20 420 (2.16 ± 0.11) · 10�20

345 (1.03 ± 0.03) · 10�19 425 (1.43 ± 0.14) · 10�20

350 (1.13 ± 0.10) · 10�19 430 (8.07 ± 1.63) · 10�21

355 (1.08 ± 0.07) · 10�19

a Errors quoted are standard deviations in the precision of the
measurements.

b Considering both relative errors and systematic errors, the overall
uncertainty in the cross section measurements are within 25% at 320, 330,
345, 380, 390, 400, 410, 415 nm, 30% in the 290–305 and 360–375 nm
region, and at 315, 325, 340, 355, 385, 420 nm, 35% at 310, 335, 350,
425 nm, 40% at 248 nm, 45% at 405, 430 nm.
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were determined using a Fourier-transform infrared spec-
trometer (Bruker IFS 66v).

E,E-2,4-Hexadienedial is a solid with a light-yellow
color at 295 K. E,E-2,4-Hexadienedial was prepared using
the procedure of Kossmehl and Bohn [15]. An H NMR
spectrum of E,E-2,4-hexadienedial is displayed in Fig. 1
with the following 1H NMR (CDCl2, 5.32) peaks: 6.4665,
6.4740, 6.4865, 6.4955, 6.5033, 6.5150, 6.5225, 7.2527,
7.2725, 7.2801, 7.3018, 7.3094, 7.3293 (m, 4H, CH@CH),
9.6852, 9.7044 (d, 2H, CHO). The H NMR analysis indi-
cated that the E,E-2,4-hexadienedial sample had a mini-
mum purity of P99.9% (no impurity was detected in the
NMR spectrum). Formaldehyde was generated by pyroly-
sis of paraformaldehyde (P95% purity; Aldrich) at 110 �C.
All experiments were carried out at an ambient tempera-
ture of 295 ± 2 K.

3. Results and discussion

3.1. Absorption cross sections of E,E-2,4-hexadienedial at

248 nm and in the 290–430 nm region

We have determined the absorption cross sections of
E,E-2,4-hexadienedial at 248 nm and in the 290–430 nm
region. Absorption cross section at 248 nm was obtained
by monitoring the transmitted photolysis fluence as a func-
tion of E,E-2,4-hexadienedial pressure in the cell, and by
applying Beer’s law. Absorption cross sections in the
290–430 nm region were determined by cavity ring-down
spectroscopy. In the cavity ring-down cross section mea-
surements, the absorption cross section at each wavelength
was determined by measurement of the round-trip cavity
losses due to absorption as a function of E,E-2,4-hexadi-
enedial pressure in the cavity, and by plotting of the absor-
bance against E,E-2,4-hexadienedial pressure. Cross
section data obtained are listed in Table 1 and shown in
Fig. 2. As can be seen from Fig. 2, E,E-2,4-hexadienedial
displays an absorption band in the 305–430 nm region
(due to n! p* transitions) and an absorption band at
wavelengths less than 300 nm (due to p! p* transitions).
The absorption band at wavelengths less than 300 nm is



Fig. 2. Gas-phase absorption cross sections of E,E-2,4-hexadienedial (circles, this work; dashed line: [7]), trans-4-oxo-2-pentenal (triangles, [16]) and E,E-
2,4-hexadienal (solid line, [17]).
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stronger than that in the longer-wavelength region. Cross
section values of E,E-2,4-hexadienedial in the 305–430 nm
region range from 8.1 · 10�21 to 1.1 · 10�19 cm2/molecule.
Cross section values in the 290–300 nm region range from
5.4 · 10�20 to 4.7 · 10�19 cm2/molecule. The cross section
value at 248 nm is (3.32 ± 0.53) · 10�17 cm2/molecule.
Klotz et al. [7] made qualitative cross section measurements
on E,E-2,4-hexadienedial in the 220–355 nm region, and
reported a cross section value of about 6 · 10�17 cm2/
molecule at 248 nm. Since the cross section data obtained
by Klotz et al. were reliable to within a factor of 2, our
cross section value at 248 nm and theirs are consistent
within the estimated uncertainty limits. However, there is
a large difference between our cross section data and theirs
in the 290–355 nm region. Their cross section data
appeared to be limited by instrument detection sensitivity
and a logarithm of their spectrum is shown in Fig. 2 for
comparison.

Also shown in Fig. 2 for comparison with E,E-2,4-hex-
adienedial are absorption cross sections of 4-oxo-2-pente-
nal [16] (CH3COCH@CHCHO) and E,E-2,4-hexadienal
[17] (CH3CH@CH–CH@CHCHO). These unsaturated car-
bonyl/unsaturated dicarbonyls have conjugated p bonds
and exhibit near UV absorption approaching 400 nm or
longer-wavelengths. The peak cross section values for the
n! p* region of the absorption spectra for E,E-2,4-hexadi-
enedial, E,E-2,4-hexadienal, and 4-oxo-2-pentenal are
1.13 · 10�19, 9.85 · 10�20, and 4.76 · 10�20 cm2/molecule,
respectively. Thus, it appears that cross section values in
the near UV/visible region increase with increasing p
conjugation. The near UV/visible band is broader for
E,E-2,4-hexadienedial and 4-oxo-2-pentenal than for
E,E-2,4-hexadienal, since the transitions arise from
symmetric and antisymmetric combinations of the n(O)
orbitals on the two carbonyl centers for unsaturated
dicarbonyls.

3.2. Time-resolved studies of the photolysis of E,E-2,4-
hexadienedial at 248, 308, and 351 nm

We investigated the photolysis of E,E-2,4-hexadienedial
at 248, 308, and 351 nm, but we only observed the HCO
radical at 248 nm photolysis wavelength. For
HCO + CH@CH–CH@CH–CHO to be formed from the
photolysis of E,E-2,4-hexadienedial, a C–C bond in the
conjugated p system (O@C–C@C–C@C–C@O) must be
broken. The lack of HCO product from the photolysis of
E,E-2,4-hexadienedial at 308 and 351 nm is most likely
the result of the higher photon energy required to break
a C–C bond in the conjugated p system (The calculated
photochemical threshold for this channel is 292 nm). The
HCO radical was also not detected from the photolysis of
another unsaturated dicarbonyl, 4-oxo-2-pentenal, at
either 308 or 351 nm [16].

The HCO quantum yield from the 248 nm photolysis
of E,E-2,4-hexadienedial was derived from the ratio of
the HCO concentration produced in the pump/probe
laser overlap region to the absorbed photon density in
the same region. The absorbed photolysis photon den-
sity in the pump/probe laser overlap region can be
derived from the difference between the transmitted pho-
tolysis beam energies entering (Ein) and leaving (Eout)
the overlap region, the individual photon energy (hc/k)
at the photolysis wavelength (k), and the volume (v)
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of the overlap region. The photolysis beam energy enter-
ing or leaving the pump/probe laser overlap region can
be calculated from the incident photolysis beam energy
entering the cell (E0), the absorption cross section (r)
and the density (n) of E,E-2,4-hexadienedial in the cell,
and the absorbing path length, by application of Beer’s
law:

Ein ¼ E0 � expð�rnl1Þ
Eout ¼ E0 � expð�rnl2Þ
where l1 is the distance between the photolysis beam en-
trance and the beginning of the pump/probe laser overlap
region, and l2 is the distance between the photolysis beam
entrance and the end of the pump/probe laser overlap
region. The HCO concentration following the 248 nm
photolysis of E,E-2,4-hexadienedial was obtained by
measurement of HCO’s absorption at 613.80 nm (HCO
X2A00 (0,0,0)! A2A 0 (0,9,0) R bandhead) at a photolysis
laser and a probe laser delay of 15 ls. The absolute HCO
concentration was calibrated relative to the HCO concen-
tration from the Cl + H2CO! HCO + HCl reaction, with
248 nm photolysis of CCl4 used as the Cl atom precursor.
CCl4 was freeze-pump-thawed and then mixed with form-
aldehyde in a gas manifold. The calibrated CCl4/H2CO
mixture ðPCCl4=PH2CO varied between 1/6 and 1/15) was
transferred into a gas bulb before being introduced into
the reaction cell. Partial pressures of CCl4 and H2CO inside
the cell were calculated from their total pressure in the cell
and their percentages in the mixture. The HCO absorption
cross section at 613.80 nm obtained from the calibration
experiments agreed within 24% with our previously
reported [13] HCO absorption cross section of �2.0 ·
10�18 cm2/molecule at this wavelength. The dependence
of the HCO quantum yields on nitrogen buffer gas pressure
was examined over the pressure range covered by a 1 Torr
full scale Baratron capacitance manometer (0.1–1.1 Torr);
no dependence was observed. Increasing delay time be-
tween the firing of the photolysis and the probe laser also
did not increase HCO yield. The average HCO quantum
yield from the 248 nm photolysis of 0.0006–0.003 Torr of
E,E-2,4-hexadienedial is 0.014 ± 0.002, where the error
quoted represents measurement precision. Systematic error
in the determination of HCO quantum yield includes
uncertainties in the determination of: HCO absorption
cross section (�24%), E,E-2,4-hexadienedial concentration
and absorption cross section (�40% at 248 nm), pulse en-
ergy (�5%), and angle between photolysis and probe lasers
(3%). With both random and systematic errors taken into
account, the overall uncertainty (1r measurement error
plus systematic errors) in the determination of HCO quan-
tum yield is about 86% at 248 nm.

The minimum round-trip HCO absorption that can be
detected using our current cavity ring-down setup is
1 ppm. With a 12 mm wide excimer beam, the length of
the photolysis/probe laser overlap region is 4.6 cm. The
lack of detection of HCO at 308 and 351 nm photolysis
wavelengths suggested that the HCO concentration in the
photolysis/probe laser overlap region was less than
5.4 · 1010 molecules/cm3. The incident photolysis fluences
at 308 and 351 nm were about 0.043 and 0.024 J/cm2.
The absorbed photon densities from 308 and 351 nm pho-
tolysis of 0.004 Torr of E,E-2,4-hexadienedial were about
5.1 · 1011 and 6.2 · 1011 molecules/cm3. The lack of detec-
tion of HCO at 308 and 351 nm suggests the upper limits
for the HCO yields are about 11% at 308 nm and 9% at
351 nm.

3.3. Photolysis end-product studies with FTIR at 248, 308,

and 351 nm

We measured the infrared absorption spectrum of E,E-
2,4-hexadienedial in the 500–4000 cm�1 region. Shown in
the upper panel of Fig. 3 is an IR absorption spectrum
of 2 mTorr of E,E-2,4-hexadienedial (0.5 cm�1 resolution);
this spectrum agrees well with that reported previously for
E,E-2,4-hexadienedial [7]. E,E-2,4-Hexadienedial was
photolyzed in a stainless steel White cell (the pathlength
used in the IR measurement was 6.7 m) mounted vertically
in the sample compartment of a Bruker IFS66v FTIR spec-
trometer. The photolysis laser beam was introduced into
the White cell through two rectangular fused silica win-
dows (600 · 1.7500) mounted on opposite side of the cell
and it passed through the cell four times with the use of
external reflectors. The end-products after 248, 308, and
351 nm photolysis of E,E-2,4-hexadienedial in 20 Torr of
nitrogen carrier gas were analyzed using FTIR. Photolysis
of E,E-2,4-hexadienedial was not observed at 351 nm even
after photolyzing it for 2 h at a laser repetition rate of 2 Hz.
The incident 351 nm photolysis fluence was about 0.0013 J/
cm2. With 2 mTorr of E,E-2,4-hexadienedial in the multi-
pass cell, using the absorption cross section of E,E-2,4-hex-
adienedial of 1.12 · 10�19 molecules/cm2 at 351 nm and
correcting for photolysis transmission losses at the surfaces
of mirrors and windows, the total number of 351 nm pho-
tolysis photon absorbed by E,E-2,4-hexadienedial after 2 h
photolysis was about 2.1 · 1016 photons. The cell volume is
about 2.3 l. The absorbed photolysis photon density aver-
aged over the cell volume was about 1013 photons/cm3

(the absorbed photolysis photon density in the excimer
laser path inside the White cell was larger than the
absorbed photolysis photon density averaged over the cell
volume). We should be able to detect either loss of reactant
or appearance of products if E,E-2,4-hexadienedial were
photolyzed at 351 nm. E,E-2,4-Hexadienedial photolyzed
rapidly at 248 nm. Presented in the lower panel of Fig. 3
is an FTIR difference spectrum obtained by subtraction
of the FTIR spectrum following 10 min photolysis of
E,E-2,4-hexadienedial at 248 nm by the reactant spectrum.
The products that were detected following 248 nm photol-
ysis of E,E-2,4-hexadienedial include CO, ketene, butadi-
ene, and acetylene (CO2 is likely an artifact resulting
from reaction at the wall). CO was identified by its IR
absorption in the 2030–2240 cm�1 region. An expanded
product spectrum in the 2030–2240 cm�1 region clearly



.

Fig. 3. (Upper panel) FTIR spectrum of 0.002 Torr of E,E-2,4-hexadienedial in the absence of photolysis. (Lower panel) FTIR difference spectrum after
248 nm photolysis of 0.002 Torr E,E-2,4-hexadienedial in 20 Torr of nitrogen for 10 min.
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showed that a broad IR contour peaking at 2131.5 cm�1

was buried under the R-branch of the CO band. This broad
IR band can be attributed to that of ketene. Butadiene was
identified by its IR absorption peak at 908.1 cm�1. Acety-
lene was identified by its IR absorption at 729.2 cm�1.
CO was also detected from the 308 nm photolysis of E,E-
2,4-hexadienedial. Ketene is possibly a product of the
E,E-2,4-hexadienedial photolysis channel:

HCOCH@CHCH@CHCHO + hm! 2CH2CO + HCBCH

ðR1Þ
CO can be a product of the E,E-2,4-hexadienedial photol-
ysis channels:
HCOCH@CHCH@CHCHO þ hm

! HCOCH@CHCH@CH2 þ CO ðR4Þ
HCOCH@CHCH@CHCHOþ hm

! CH2@CHACH@CH2 þ 2CO ðR5Þ

where butadiene is a co-product of the photolysis channel
(5). CO can also be a secondary photolysis product of
E,E-2,4-hexadienedial:

HCOCH@CHCH@CHCHO þ hm

! 2CH2COþHCBCH ðR1Þ
CH2COþ hm ! COþ CH2: ðR6Þ



Fig. 4. Calculated atmospheric photolysis rate constants of E,E-2,4-
hexadienedial as a function of solar zenith angle.
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By comparing the CO and the ketene formed from the
248 nm photolysis of E,E-2,4-hexadienedial as a function
of photolysis time, we found that the amount of CO
formed initially increased with photolysis time and then
leveled-off while the amount of ketene formed initially
decreased with photolysis time and then leveled-off,
suggesting at least part of the CO is formed from ketene
photolysis. Threshold wavelength for ketene photolysis to
form 1CH2 + CO was previously reported to be around
332 nm [18].

Acetylene is likely formed from the E,E-2,4-hexadiene-
dial photolysis channels:

HCOCH@CHCH@CHCHO þ hm

() ½Z-3; 4-diformyl-cyclobutene�

! 2CH2COþHCBCH ðR1Þ

! HCBCHþHCOCH@CHCHO. ðR7Þ

Unfortunately, the overlapping IR absorption between the
butenedial formed from the photolysis and the unphoto-
lyzed E,E-2,4-hexadienedial prevented us from monitoring
butenedial product by the IR method. In addition, butene-
dial can be photolyzed by 248 nm radiation.

By using the sample standards to calibrate the photoly-
sis products’ IR spectra and by dividing the mole number
of products formed by the mole number of photolyzed
E,E-2,4-hexadienedial, we obtained the estimated yields
of acetylene, butadiene, and CO from the photolysis of
E,E-2,4-hexadienedial. Photolysis times were varied so that
20–90% of the E,E-2,4-hexadienedial was photolyzed.
Since the IR absorption cross section of the ketene is not
known, we did not correct for the formation of CO from
the secondary photolysis of ketene. The sum of the yields
of all E,E-2,4-hexadienedial photolysis channels should
be equal to 1. Since the photolysis of E,E-2,4-hexadienedial
can lead to the formation of two CO, the end-product yield
of CO can be expected to be in the range of 0 and 2. The
estimated yields of CO from the photolysis of E,E-2,4-hex-
adienedial at 248 and 308 nm are about 150% and 151%.
Yields of acetylene and butadiene from the 248 nm photol-
ysis of E,E-2,4-hexadienedial are �59% and �23%. The
quantum yields of the products were estimated by dividing
the mole number of the products formed by the mole num-
ber of photons absorbed by E,E-2,4-hexadienedial. The
estimated quantum yields of CO from the photolysis of
E,E-2,4-hexadienedial at 248 and 308 nm are about 112%
and 97%. The estimated quantum yields of acetylene and
butadiene from the 248 nm photolysis of E,E-2,4-hexa-
dienedial are about 32% and 14%. The estimated quantum
yields are smaller than the estimated photolysis end-prod-
uct yields as photolysis intermediates can also absorb pho-
tolysis photons, plus the fact it was a static photolysis
system and the reactant did not get replenished from each
laser pulse. Thus, we over-estimated photon density
absorbed by E,E-2,4-hexadienedial in the quantum yield
calculation.
3.4. Atmospheric photolysis rate constant for E,E-2,4-

hexadienedial

We have estimated the atmospheric photolysis rate
constants (kphotolysis) of E,E-2,4-hexadienedial using the
following formula:

kphotolysis ¼ RrðkÞ � uðkÞ � JðkÞDk

where J(k) represents actinic solar flux, r(k) represents the
gas-phase absorption cross sections of E,E-2,4-hexadiene-
dial determined in this work, and u(k) represents the pho-
tolysis quantum yield for E,E-2,4-hexadienedial. J(k)Dk
values reported by Demerjian et al. [19] were used. In
the photolysis rate calculation, u(k) was assumed to be
unity in the 290–310 nm region, 0 at 350 nm, and u(k)
in the 310–350 nm region was assumed to decrease linearly
from 1 at 310 nm to 0 at 350 nm. u(k) may not vary lin-
early with wavelength in the 310–350 nm region; we made
this assumption solely for the simplicity in photolysis rate
estimation. The photolysis rate constants for E,E-2,4-
hexadienedial were estimated as a function of the zenith
angle under cloudless conditions, at sea level, and for
best-estimate albedo [20] (5% in the 290–350 nm region);
the results are shown in Fig. 4. Our estimated photolysis
rate constants for E,E-2,4-hexadienedial for zenith angles
in the 0–60� range are 2.1 · 10�4 to 1.0 · 10�4 s�1; these
values correspond to photolysis lifetimes of 1.3–2.8 h.
Rate constants for E,E-2,4-hexadienedial reactions with
OH and O3 have been reported [7,8] to be 7.6 · 10�11

and 1 · 10�17 cm3 molecule�1 s�1, respectively. With a
12-h average OH concentration [21,22] of 1.6 · 106 mole-
cule/cm3, and a 24-h average O3 concentration [23] of
7 · 1011 molecule/cm3, the E,E-2,4-hexadienedial reaction
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lifetimes with OH and O3 are 2.3 h and 1.7 days, respec-
tively. Thus, photolysis and OH radical reactions are
major processes for removal of E,E-2,4-hexadienedial
from the atmosphere.
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