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Abstract

We have studied the photolysis of butenedial at 193, 248, 280, 308, 351, 400, and 450 nm by using laser photolysis combined with

cavity ring-down spectroscopy. The HCO radical is a photodissociation product at 193 and 248 nm. The corresponding HCO

quantum yields are 0.55 ± 0.07 and 0.12 ± 0.01, independent of butenedial pressure and nitrogen buffer gas pressure. Absorption

cross-sections of butenedial are (6.88 ± 0.39) · 10�18 and (3.62 ± 0.69) · 10�19 cm2 at 193 and 248 nm. The end-products from

the photolysis of butenedial at 193, 248, 308, and 351 nm were measured by FTIR. Acrolein and 3H-furan-2-one were observed

and their yields have been estimated.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Butenedial (HCOCH@CHCHO), the simplest unsat-

urated dialdehyde, is a ring-cleavage product formed

from photochemical oxidation of aromatic hydrocar-

bons [1–5]. Photolysis and reactions with OH, O3, and
NO3 are its possible tropospheric removal pathways

[6]. The OH/butenedial reaction rate constants have

been measured by Bierbach and coworkers [7] using

the relative rate technique. They were (5.2 ± 0.1) ·
10�11 and P(2.4 ± 0.8) · 10�11 cm3 molecule�1 s�1 for

cis- and trans-butenedial. Bierbach and coworkers [7]

concluded that although OH radical reaction is an

important atmospheric sink for butenedial, its photoly-
sis will probably be an even stronger sink. In addition

to trans/cis isomerization product which accounted for

6 40% of butenedial decay, the major product formed

from visible lamp (320–480 nm) irradiation of cis- and

trans-butenedial mixture in air was 3H-furan-2-one (cyc-

lic-C4H4O2). The minor product was maleic anhydride

(cyclic-C4H2O3).
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maleic anhydride3H-furan-2-one 

When a UV lamp (254 nm) was used to irradiate cis- and

trans-butenedial mixture in air, the major products ob-

served were maleic anhydride and 3H-furan-2-one along

with�45% trans/cis isomerization product [7]. Theminor

product observed was acetylene. However, Bierbach and

coworkers were not able to obtain absolute photolysis

product yields, since the butenedial concentration was

not accurately known due to the presence of impurities
in their samples. With the use of an improved method

to produce butenedial, Liu and coworkers [6] were able

to produce butenedial with purity P90%. They studied

OH- and O3-initiated photooxidations of butenedial in

a smog chamber and reportedO3/butenedial reaction rate

constant of (1.6 ± 0.1) · 10�18 cm3 molecule�1 s�1. Liu

and coworkers did not observe anhydride from butene-

dial photolysis, but they did detect a very small amount
of acrolein (CH2@CHCHO). The solution-phase UV

absorption spectrum of butenedial has been measured
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in the 290–490 nm region [8], but its gas-phase UV

absorption spectrum has not been reported. Product

channels and quantum yields following gas-phase

photolysis of butenedial and their wavelength dependen-

cies are not well known. Such information is needed in

order to estimate the radical- and oxidant-formation
capabilities of butenedial and to elucidate the atmo-

spheric fates of aromatic hydrocarbons. Photolysis of

butenedial can occur via the following pathways:

HCOCH@CHCHOþ hm ! HCOCH@CHþHCO ð1Þ
! HCOCH@CHCOþH ð2Þ
! HCBCHþ 2HCO ð3Þ
! CH2@CHCHOþ CO ð4Þ
! 3H-furan-2-one ð5Þ

Photolysis channels (1)–(3) are radical-formation

channels. Photolysis channels (4) and (5) are molecular-

elimination and photocyclization channels. In order for

HCOCH@CH + HCO to be formed from butenedial

photolysis, a CAC bond, which is a part of the conju-

gated p system (O@CACH@CHAC@O), needs to be

broken. In the absence of the heats of formation for
butenedial and its photolysis products, the threshold

wavelength for the formation of HCOCH@CH + HCO

from butenedial photolysis is expected to be shorter

than the calculated photochemical threshold [9,10] of

�340 nm for the formation of R + HCO products from

the photolysis of saturated aliphatic aldehydes.

In this Letter, we report results obtained from an

experimental study of the photolysis of butenedial at
193, 248, 280, 308, 351, 400, and 450 nm by using laser

photolysis combined with the cavity ring-down tech-

nique [11,12]. The HCO radical was only observed at

photolysis wavelengths of 193 and 248 nm; the corre-

sponding HCO quantum yields have been measured.

The end-products (acrolein and 3H-furan-2-one) from

the photolysis of butenedial at 193, 248, 308, and

351 nm have been identified with FTIR, and their corre-
sponding yields have been estimated.
2. Experimental technique

The experimental setup has been described in detail

elsewhere [9,10,13]. An excimer or a dye laser was used

to photolyze butenedial, while a nitrogen-pumped dye
laser was used to probe the HCO radical product. The

photolysis radiation at 193, 248, 308, and 351 nm was

provided by an excimer laser, while that at 280, 400,

and 450 nm was provided by either the fundamental or

the second harmonic output of an excimer pumped

dye laser. Laser dyes used were coumarin 153, furan 2,

and coumarin 2. The reaction cell was vacuum-sealed

with a pair of high-reflectance cavity mirrors. The
photolysis beam entered the reaction cell at a 15� angle
to the main cell axis through a sidearm. The probe laser

beam was directed along the main optical axis of the cell

and it overlapped spatially with the photolysis beam at

the center of the reaction cell. A fraction of the probe la-

ser pulse was injected into the cavity through the front
mirror and its intensity decay inside the cavity was mea-

sured 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 sin-

gle-exponential decay function from which the ring-

down time constant and the total loss per optical pass

were calculated. By measuring the cavity losses with
and without a photolysis pulse, we obtained the HCO

absorption from the photolysis of butenedial. A pulse/

delay generator was used to vary the delay time between

the firing of the photolysis and the probe lasers. Quan-

tum yield measurements were made at a laser repetition

rate of 0.1 Hz, to ensure the replenishment of the gas

samples between successive photolysis pulses. The spec-

trum scan was performed at a laser repetition rate of
1 Hz. All experiments were carried out at an ambient

temperature of 293 ± 2 K. The stable end-products from

the photolysis of butenedial were characterized by a

Fourier transform infrared spectrometer connected on-

line with the photolysis cell.

Butenedial was synthesized using literature method-

ology [8,14,15]. A solution of bromine in methanol

was added dropwise to a solution of freshly distilled fur-
an in methanol at �78 �C under an argon atmosphere.

The orange-colored reaction mixture was stirred

for about 2.5 h at �10 �C and a pale yellow solution

formed. Powdered anhydrous Na2CO3 was subse-

quently added to quench the reaction. The resulting

mixture was stirred at room temperature overnight,

followed by addition of ether and removal of the solid

by filtration. After the solvent was removed at reduced
pressure, the residue was purified by vacuum distilla-

tion, and 1,1,4,4-tetramethoxy-2-butene was collected.

Amberlyst-15 was added to a solution of 1,1,4,4-tetra-

methoxy-2-butene in acetone and water. The resulting

mixture was stirred at room temperature at least over-

night. The solid was filtered out and aqueous residue

was extracted with CH2Cl2 and washed with brine.

The organic layers were dried over Na2SO4 and the sol-
vent was removed. Butenedial was collected by immer-

sion of the receiver end of the vacuum distillation in a

bath at �78 �C [15]. trans-Butenedial was a solid, while

cis-butenedial was a liquid at room temperature. The

collected sample was a yellow mixture of cis- and

trans-butenedial. Before each experiment, the sample

was further purified by repeated freeze–pump–thaw

cycles at �78 �C; this removed volatile impurities. The
purity of the butenedial sample was checked with

H-NMR and was P90%.
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Formaldehyde was generated by the pyrolysis of

paraformaldehyde (P95% purity, Aldrich) at 110 �C.
CCl4 (P99.9% purity, Aldrich) was purified by repeated

freeze–pump–thaw cycles. Nitrogen (P99.999% purity,

BOC Edwards) was used without further purification.
3. Results and discussion

3.1. Time-resolved studies of butenedial photolysis at 193,

248, 280, 308, 351, 400, and 450 nm

3.1.1. General features

We have studied the photolysis of butenedial at 193,
248, 280, 308, 351, 400, and 450 nm and only observed

the HCO radical at photolysis wavelengths of 193 and

248 nm. The lack of HCO product from the butenedial

photolysis in the 280–450 nm region suggests that the

photolysis of unsaturated dialdehyde is very different

from the photolysis of saturated dialdehydes such as gly-

oxal ((CHO)2). Our group reported [16] the HCO radical

quantum yields from the photolysis of glyoxal in the
290–420 nm region: these were 0.50 ± 0.01, 0.84 ± 0.07,

1.34 ± 0.06, 2.01 ± 0.08, 0.74 ± 0.08, and 0.48 ± 0.03 at

290, 310, 350, 390, 400, and 420 nm, respectively. The

lack of HCO product from the photolysis of butenedial

at 280 and 308 nm also suggests that the photolysis of

unsaturated dialdehyde is different from the photolysis

of saturated aliphatic aldehydes. The threshold wave-

length for the formation of HCOCH@CH + HCO from
the photolysis of butenedial is expected to be shorter

than that for the photolysis of the saturated aliphatic

aldehydes (�340 nm), because a CAC bond in the conju-

gated p system (O@CAC@CAC@O) needs to be broken.

The thermochemistry of the process HCOCH@
CHCHO ! HCOCH@CH + HCO is estimated to be

around 98–99 kcal mol�1 from the NIST database esti-

mation method and assuming the same CAH bond dis-
sociation energy for the vinylic CAH bond in acrolein

as that in ethene (110 kcal mol�1). This corresponds to

an estimated photochemical threshold of about 290 nm

for the formation of HCOCH@CH + HCO from buten-

edial photolysis. Other reasons for the lack of observable

HCO signal from the photolysis of butenedial in the

280–450 nm region are the much smaller butenedial

absorption cross-sections (<6 · 10�21 cm2) at these
wavelengths and the low room temperature vapor pres-

sure of butenedial (�1.4 Torr). The absorption cross-sec-

tions of butenedial at 193 and 248 nm have been

determined in this study to be (6.88 ± 0.39) · 10�18 and

(3.62 ± 0.69) · 10�19 cm2, respectively. Thus, the magni-

tude of the gas phase UV absorption cross-sections of

butenedial at 193 and 248 nm are at least 1146 and 60

times those in the 280–450 nm region. Hufford and
coworkers [15] measured the UV absorption spectrum

of butenedial in i-octane solution in the 220–500 nm re-
gion and observed two absorption bands. One peaked

at 225 nm (e = 17000) and the other peaked at 354 nm

(e = 70). Thus, the results from the present gas phase

study and the previous aqueous phase study suggest that

there are two absorption bands of butenedial in the UV/

visible region with the band at shorter wavelength region
being much stronger than the band at longer wavelength

region. Certainly, the UV/visible absorption spectrum of

butenedial is distinctly different from that of a saturated

dialdehyde such as glyoxal. Glyoxal displays two absorp-

tion bands above 220 nm in the UV/visible region with

the longer wavelength band (peaking at 455 nm with r
of 4.7 · 10�19 cm2) being much stronger than the shorter

wavelength band (peaking at 299 nm with r of 3.96 ·
10�20 cm2) [17–19].

3.2. HCO radical quantum yields from the photolysis of

butenedial at 193 and 248 nm

Presented in Fig. 1 is a cavity ring-down absorption

spectrum of the product after 193 nm photolysis of

butenedial and a previously reported absorption spec-
trum of HCO in the same wavelength region [20]. The

similarity between these two spectra indicates that the

HCO radical is a photolysis product of butenedial. A

similar product absorption spectrum was obtained at a

photolysis wavelength of 248 nm. The cavity ring-down

spectrometer was tuned to the HCO X2A00(0,0,0) !
A2A 0(0,9,0) R bandhead at 613.8 nm and the HCO

absorption after the photolysis of butenedial was deter-
mined. The HCO radical quantum yields from butene-

dial photolysis were determined from the ratio of the

HCO concentration produced in the pump/probe laser

overlapping region to the absorbed photon density in

the same region. The overlapping region could be

viewed as a rectangular solid with its width and height

defined by the dimensions of the photolysis beam and

the length of the rectangular solid defined by (beam
width) · (tan15�)�1, where 15� is the crossing angle be-

tween the pump and the probe laser beams. The ab-

sorbed photolysis photon density in the pump/probe

laser overlapping region could be derived from the dif-

ference between the transmitted photolysis beam ener-

gies entering (Ein) and leaving (Eout) that region, the

individual photon energy (hc/k) at the photolysis wave-

length (k), and the volume (v) of the overlapping region
via the following equation:

Absorbed photon density ¼ Ein � Eout

hðc=kÞv .

The photolysis beam energy entering or leaving the
photolysis/probe laser overlapping region can be calcu-

lated from the incident photolysis beam energy entering

the cell (E0), the absorption cross-section (r) and the

density (n) of butenedial in the cell, and the absorbing

path length, by application of Beer�s law:



Fig. 1. (a) Intracavity laser absorption spectrum of HCO following

photolysis of CH3CHO at 266 nm (adapted from [20]). (b) Cavity ring-

down absorption spectrum of the product from the photolysis of

butenedial at 193 nm.
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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 over-

lapping region, and 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 joulemeter

placed in front of the cell. The incident beam energy in-
side the cell was corrected for transmission loss at the

front cell window, and for reflection of the photolysis

beam from the rear cell window. The absorption cross-

section of butenedial was obtained by monitoring the

transmitted photolysis photon intensity as a function

of butenedial pressure in the cell, and by applying Beer�s
law to the experimental data. The absorption cross-sec-

tions of butenendial thus obtained were (6.88 ± 0.39) ·
10�18 and (3.62 ± 0.69) · 10�19 cm2 at 193 and 248 nm,

respectively. Error bars quoted (1r) give the estimated

precision of cross-section determination: this includes

the standard deviation for each measurement plus the
standard deviation about the mean of 15 repeated exper-

imental runs at 193 nm and 12 repeated experimental

runs at 248 nm. The HCO concentration after the pho-

tolysis was obtained by measurement of its absorption

at 613.80 nm at a photolysis and a probe laser delay of

15 ls. The absolute HCO radical concentration follow-

ing 193 nm photolysis of butenedial was calibrated rela-

tive to that obtained from the Cl + H2CO reaction,
using 193 nm photolysis of CCl4 as chlorine atom pre-

cursor. The HCO concentration from 248 nm photolysis

of butenedial was calibrated relative to formaldehyde

photolysis at 248 nm, for which the recommended

HCO quantum yield is available [21]. The dependence

of the HCO quantum yields on butenedial pressure

and nitrogen buffer gas pressure (2–260 Torr) was exam-

ined; no dependence was observed. The HCO quantum
yields from the photolysis of butenedial at 193 and

248 nm are 0.55 ± 0.07 and 0.12 ± 0.01, where errors

quoted (1r) are the estimated precision of quantum yield

measurements. Systematic errors contain uncertainties

in the determination of the HCO absorption cross-

section (�20%), butenedial concentration and absorp-

tion cross-section (�11% at 193 nm, and �24% at

248 nm), pulse energy (�5%), and the angle between
the photolysis and the probe lasers (3%). When relative

and systematic errors are summed, the overall uncer-

tainty in the determination of HCO quantum yields is

about 52% at 193 nm, and about 60% at 248 nm.

3.3. Photolysis end-product studies with FTIR at 193,

248, 308, and 351 nm

Butenedial (nbutenedial � 0.97 · 1016 molecules cm�3)

was photolyzed in a closed cell by excimer laser operat-

ing at 193, 248, 308, and 351 nm. The photolysis end-

products were transferred to a 10-m White cell and were

analyzed by an FTIR. Presented in Fig. 2 are FTIR

spectra of butenedial with (7200 photolysis pulses for

duration of 2 h) and without 308 nm photolysis and

the corresponding amplified differential spectrum. The
negative absorption bands in the differential IR

spectrum at 1060 cm�1 and in the 1702–1745 cm�1 re-

gion correlate with those of dissociated butenedial.

The IR absorption bands in the 920–958, 1157–1166,

1411–1428, 1800–1860, 2040–2250 cm�1 (CO), and

2280–2380 cm�1 (CO2) regions increase in intensity after

the photolysis. CO2 is probably an artifact resulting

from reactions at the wall of the cell. The IR absorption
bands at 920–958, 1157–1166, and 1411–1428 cm�1

correlate with those of acrolein formed from butenedial



Fig. 2. FTIR spectra of butenedial with and without photolysis

radiation at 308 nm and the corresponding amplified differential FTIR

spectrum. The butenedial pressure in the reaction cell was 0.3 Torr.

When the reaction cell was open to the White cell in the absence of

photolysis, the equilibrated butenedial pressure was 0.16 Torr.

Fig. 3. A comparison of the butenedial photolysis product spectra in

the 1395–1441 and 1800–1860 cm�1 region (obtained by expanding the

photolysis product spectrum shown in Fig. 2 and subtracting the

contribution of the starting material) with those of acrolein and

3H-furan-2-one standard.
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photolysis (a comparison of the butenedial photolysis
product spectrum with that of acrolein in the 1395–

1441 cm�1 region is given in Fig. 3):

HCOCH@CHCHO+ hm!CH2@CHCHO+CO ð4Þ

The IR absorption band in the 1800–1860 cm�1 re-

gion and peaking sharply at 1834 cm�1 correlates with

that of 3H-furan-2-one formed from butenedial photol-

ysis (a comparison of the butenedial photolysis product
spectrum in the 1800–1860 cm�1 region with that of 3H-

furan-2-one is given in Fig. 3):

HCOCH@CHCHO þ hm ! 3H-furan-2-one ð5Þ
CO is probably a product of the HCOCH@CH + HCO,

CH2@CHCHO + CO, and HC„CH + 2HCO product

channels and a secondary product from the photolysis
of acrolein. From the IR spectra of butenedial with

and without photolysis, and using sample standards to

calibrate the product IR spectra, we obtained estimated

yields of acrolein and 3H-furan-2-one from the photoly-

sis of butenedial at 193, 248, 308, and 351 nm and they

are listed in Table 1. The respective acrolein quantum

yields which were determined relative to the loss of the

starting material are about 1.1%, 3.7%, 15%, and 23%
at 193, 248, 308, and 351 nm. Since acrolein formed

from the photolysis of butenedial in a closed cell with
many laser pulses can also be photolyzed by excimer la-

ser radiation at 193, 248, 308, and 351 nm [22–24], the

acrolein yields reported here are the estimated mini-

mum. 3H-furan-2-one was only observed from the pho-

tolysis of butenedial at 248, 308, and 351 nm; the

corresponding estimated minimum product yields were

about 2.8%, 1.2%, and 1.1%. Due to the complex sec-

ondary chemistry involved and multiple channels were
responsible for CO production, we were not able to ob-

tain channel-specific CO yields. Liu and coworkers [6]

detected a very small amount of acrolein when photolyz-

ing butenedial in a smog chamber, but they did not re-

port product quantum yield. Bierbach and coworkers

[7] studied the photolysis of a mixture of cis- and

trans-butenedial in air using visible lamp irradiation

(320–480 nm). In addition to trans/cis isomerization
product which accounted for 640% of butenedial decay,

the major product observed was 3H-furan-2-one (cyclic-

C4H4O2), and the minor product observed was maleic

anhydride (cyclic-C4H2O3). When Bierbach and

coworkers [7] used a UV lamp (254 nm) to irradiate

cis- and trans-butenedial mixture in air, the major pho-

tolysis products that they observed were maleic anhy-

dride and 3H-furan-2-one, along with �45% trans/cis
isomerization product. Bierbach and coworkers [7] also

observed acetylene as a minor product. However, they

were not able to obtain absolute photolysis product

yields, since they were not able to produce pure butene-

dial. Although we observed 3H-furan-2-one from the

photolysis of butenedial at 248, 308, and 351 nm, it

was a minor photolysis product as compared with acro-

lein. We did not observe maleic anhydride as a butene-
dial photolysis product, since our end-product study



Table 1

Absorption cross-sections of butenedial and its photolysis product yields

Wave (nm) r (butenedial, cm2) uHCO uacrolein (%) u3H-furan-2-one (%)

193 (6.88 ± 0.39) · 10�18 0.55 ± 0.07 P1.1 0

248 (3.62 ± 0.69) · 10�19 0.12 ± 0.01 P3.7 P2.8

308 <6 · 10�21 0 P15 P1.2

351 <6 · 10�21 0 P23 P1.1
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was done in the absence of air. We have observed

acetylene from the photolysis of betenedial only at

193 nm with an estimated yield of �42%.

3.4. Atmospheric implications

Since the absorption cross-sections of butenedial are

small in the actinic UV region and since the photolysis
of butenedial does not lead to the formation of HCO

radical in this wavelength region, butenedial photolysis

is not an important source of radicals in the atmosphere.

The quantum yield of acrolein is significant from

butenedial photolysis in the actinic UV region. Thus,

butenedial photolysis can be a significant source of acro-

lein in the atmosphere.
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