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ABSTRACT This article reviews the work over the past few years on the

photolysis of propionaldehyde, n-butyraldehyde, n-pentanal, n-hexanal,

and n-heptanal in the 280–330 nm region, obtained by combining laser

photolysis with cavity ring-down spectroscopy. Absorption cross-sections

of these aldehydes were measured. The HCO radical was observed as a

photodissociation product. The HCO quantum yield was determined as a

function of photolysis wavelength, aldehyde pressure, and nitrogen

buffer-gas pressure. A scheme to group aldehydes according to similarity

in photochemistry was proposed.

KEYWORDS absorption cross sections, aldehydes, cavity ring-down

spectroscopy, photodissociation rate and lifetime, photolysis, radical quantum

yields

INTRODUCTION

Aliphatic aldehydes are introduced into the atmosphere through biogenic

and anthropogenic emissions and through photo-oxidation of tropospheric

organic compounds. Their atmospheric chemistry has been studied

extensively as a result of their central role in the formation of photochemical

smog, peroxyacetyl nitrate (PAN), and ground-level ozone.[1,2] The major

gas-phase removal pathways for saturated aliphatic aldehydes in the atmo-

sphere are reactions with OH radicals and unimolecular photodissociation.

Rate constants for OH radical reactions with C1-C7 aldehydes have been

reported previously.[3–11] Photodissociation of aldehydes is an important

source of free radicals in the atmosphere.[12] The photolysis of formaldehyde

(CH2O) and acetaldehyde (CH3CHO) has been studied extensively.[13–16]

Determination of the wavelength-dependent photolysis quantum yields

of propionaldehyde (C2H5CHO), n-butyraldehyde (CH3(CH2)2CHO),

n-pentanal (CH3(CH2)3CHO), n-hexanal (CH3(CH2)4CHO), and n-heptanal

(CH3(CH2)5CHO) is necessary to elucidate their atmospheric photodissocia-

tion fates and to establish the relationship between product quantum yields

and aldehyde alkyl chain length. Such a determination also permits an

estimation of the aldehyde tropospheric radical formation rates.

Aliphatic aldehydes exhibit a weak UV absorption band in the 240–360 nm

region as a result of an electric dipole-forbidden but vibronically allowed

n! * transition.[17] The thermodynamically allowed dissociation pathways,
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following excitation in the UV region, are as follows:

RCHOþ hn�!Rþ HCO ðk � 339 nmÞ; ð1Þ

�!RH + CO ðall kÞ; ð2Þ

�!R0Hþ ½CH2 ¼ CHOH� !R0Hþ CH3CHO

ðk � 978 nm for R0 ¼ C2H3;C3H5;C4H7;C5H9Þ;
ð3Þ

�!RCOþ H ðk � 306 nmÞ; ð4Þ

�! 2-methyl-cyclo-R00 �OH

ðk � 1300 nm for R00 ¼ C5H8 and C6H10Þ; ð5Þ

�! 2-ethyl-cyclo-RIII �OH

ðk � 1300 nm for RIII ¼ C4H6 and C5H8Þ; ð6Þ

where threshold wavelengths were calculated from

the corresponding enthalpy changes. Photolysis

channels 1, 2, and 3 are radical formation, molecular

elimination, and Norrish II channels, respectively.

Channel 4, another radical-formation channel, was

found to be minor for aliphatic aldehydes.[18]

Channels 5 and 6 are photocyclization channels; they

are available for >Cs aldehydes.

In this article, previous work is reviewed on the

photolysis of propionaldehyde,[19] n-butyraldehyde,[20]

n-pentanal,[21] n-hexanal,[22] and n-heptanal,[22] deter-

mined at 5-nm intervals in the 280–330nm region with

results obtained using dye laser photolysis combined

with cavity ring-down spectroscopy.[23,24] Absorption

cross-sections for the aldehydes have been deter-

mined over the wavelength range of 280–330nm.

The HCO quantum yield from the photolysis of these

aldehydes, and its dependence on photolysis wave-

length, aldehyde pressure, and nitrogen buffer-gas

pressure, have been determined. The absolute HCO

radical concentration was calibrated either relative to

formaldehyde photolysis, HCHOþhn!HþHCO, for

which the recommended HCO radical yield at each

photolysis wavelength is available,[25] or relative to

the ClþCH2O!HClþHCO reaction.[25] Radical forma-

tion rates from the photolysis of C3-C7 aldehydes have

been estimated as a function of zenith angle for cloud-

less conditions at sea level and at 760Torr nitrogen

pressure. Assuming a photolysis quantum yield of

unity for C3-C7 aldehydes in the actinic UV region,

the atmospheric photodissociation lifetimes of these

aldehydes are also reported.

EXPERIMENTAL

The experimental setup has been described in

detail elsewhere.[21,26–28] Two laser systems were

used in the experiments. One laser was used to

photolyze the aldehydes, and the other was used

to probe the HCO radical. The second-harmonic

output of a tunable dye laser pumped by a 308 nm

XeCl excimer laser (�200 mJ=pulse) was used as

photolysis radiation. Laser dyes used were coumarin

153, rhodamine 6 G, rhodamine B, rhodamine 101,

sulforhodamine 101, and 4-dicyanmethylene-2-

methyl-6-p-dimethylaminostyryl-4H-pyran (DCM).

The photolysis laser beam entered the reaction cell

through a sidearm at a 15-degree angle to the main

cell axis. The probe laser beam (613–617 nm;

0.01-nm laser bandwidth) from a nitrogen-pumped

dye laser was directed along the main optical axis

of the cell. The pump and the probe laser beams

overlapped one another at the center of the reaction

cell, which was 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, and its intensity decayed

as the light bounced back and forth inside the cell.

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, digi-

tized, and sent to a computer. The decay curve was

fitted to a single-exponential decay function. 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 at 613.80 nm,

where the HCO X2A00 (0,0,0)!A2A0 (0,9,0) R

bandhead[29,30] is located, the HCO absorption was

obtained from the photolysis of C3-C7 aldehydes. A

pulse=delay generator was used to vary the delay

time between the firing of the photolysis 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

capacitance manometer. The absorption cross-

section of the aldehyde at each wavelength was

determined by monitoring the transmitted photolysis

photon intensity as a function of aldehyde pressure

in the cell and by applying Beer’s law to the experi-

mental data. A fresh aldehyde sample was introduced
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into the cell for each absorption cross-section

measurement. In order to obtain reliable determina-

tion of the transmitted photolysis fluence as a

function of aldehyde pressure in the cell, absorption

cross-section measurements typically were carried

out over wider aldehyde pressure range than that

used for quantum yield measurements. Quantum

yield measurements were made at a laser repetition

rate of 0.1Hz to ensure the replenishment of the

gas samples between successive laser pulses. The

spectrum scan was performed at a laser repetition

rate of 1 Hz. All experiments were carried out at a

temperature of 293� 2 K.

The highest purity propionaldehyde,

n-butyraldehyde, n-pentanal, n-hexanal, and

n-heptanal were purchased from Aldrich (Milwaukee,

WI) and were purified by repeated freeze-pump-thaw

cycles at 77K before each experiment to remove vola-

tile impurities. Formaldehyde was generated by pyro-

lysis of paraformaldehyde (>95% purity; Aldrich) at

110�C; Fourier transform infrared (FTIR) analysis

indicated that formaldehyde thus produced is free of

detectable impurities. Nitrogen (>99.999% purity;

BOC Gas, Murray Hill, NJ) and chlorine (>99.5%

purity; Aldrich) were used without further purification.

RESULTS AND DISCUSSION

Absorption Cross-Sections of C3-C7
Aldehydes in the 280–330nm

Region

The room-temperature absorption cross-sections of

propionaldehyde,[19] n-butyraldehyde,[20] n-pentanal,[21]

n-hexanal,[22] and n-heptanal[22] were determined at

5-nm intervals in the 280–330nm region. They are

shown in Fig. 1 and listed in Table 1. These saturated

aliphatic aldehydes display a broad absorption band

in the near-UV region resulting from an electric dipole-

forbidden but vibronically allowed n! * transition.

The error bars quoted (1r) express the estimated

precision of the cross-section determinations and

includes the standard deviation for each measurement

(�0.5%) plus the standard deviation about the mean

of at least four repeated experimental runs. The overall

uncertainty for cross-section measurements, con-

sidering both random and systematic errors, is about

5–10% for propionaldehyde at all wavelengths,[19]

about 5–10% for n-butyraldehyde in the 280–325nm

region and about 15% at 330nm,[20] and about 5% for

n-pentanal in the 280–325nm region and about 16%

at 330nm.[21] The room temperature vapor pressures

of n-hexanal and n-heptanal are about 8.5 Torr and

2.3 Torr, respectively. The overall uncertainty for

n-hexanal cross-section measurements is about 5–10%

in the 280–320nm range and about 16% at 325 and

330nm.[22] The overall uncertainty for n-heptanal

FIGURE 1 Absorption cross-sections of C3-C7 aldehydes in

the 280–330 nm region; (a) propionaldehyde (circles: Chen and

Zhu;[19] solid line: Martinez et al.[17]), (b) n-butyraldehyde (trian-

gles: Chen et al.;[20] dotted line: Martinez et al.;[17] dash-dot line:

Tadić et al.[31]), (c) n-pentanal (squares: Cronin et al.;[21] medium

dash line: Tadić et al.[31]), (d) n-hexanal (diamonds: Tang and

Zhu;[22] dash-dot-dot line: Tadić et al.[32]), (e) n-heptanal (inverted

triangles: Tang and Zhu[22]).
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cross-section measurements is below 20% in the

280–320nm range and below 26% at 325 and

330nm.[22] The smallest absorption cross-section that

can be measured by monitoring the transmitted

photolysis fluence as a function of aldehyde pressure

in the cell is about 5� 10�21 cm2. As seen from Fig. 1,

the shape of the near-UV absorption band is similar

from propionaldehyde to n-heptanal; the absorption

cross-sections in the 295–330nm region initially

increase with chain length from propionaldehyde to

n-butyraldehyde, while the cross-section values of

n-pentanal, n-hexanal, and n-heptanal are almost the

same. Also included in Fig. 1, for comparative

purposes, are cross-section results reported by Martinez

et al.[17] (propionaldehyde and n-butyraldehyde) and

by Tadic et al.[31,32] (n-butyraldehyde, n-pentanal, and

n-hexanal). Both the shape of the aldehyde absorption

bands and magnitude of the absorption cross sections

reported by the various groups are similar, although

Martinez et al. and Tadic et al. observed more detailed

absorption features due to higher resolution spectra.

Except for 285 and 330nm, cross-section data from this

study on propionaldehyde[19] agree to within 10% with

those obtained by Martinez et al. The cross-section

values in this work for n-butyraldehyde[20] and

n-pentanal[21] agree to within 10% with those obtained

previously[17,31] in the 280–325nm region and to within

25% at 330nm. The cross-section values from this study

for n-hexanal[22] agree with Tadic et al.[32] to within

5–10% in the 280–320nm range, 15% at 325nm, and

35% at 330nm.

Time-Resolved Studies of the
Photolysis of C3-C7 Aldehydes in

the 280–330nm Region

Shown in Fig. 2 is a cavity ring-down absorption

spectrum of the product after 290nm photolysis of

propionaldehyde.[19] The similarity of the product

absorption spectrum to the previously reported

absorption spectrum[33] of HCO in the same wave-

length region indicates that the HCO radical is a photo-

lysis product of propionaldehyde. As seen from Fig. 2,

the HCO radical displays a structured absorption band

FIGURE 2 Cavity ring-down absorption spectrum of the

product[19] after 290 nm photolysis of 5.05 Torr propionaldehyde.

TABLE 1 Absorption Cross-Sections (10�20 cm2 Molecule�1, Base e) of C3-C7 Aldehydes versus Wavelength

k (nm) r (prop)a r (n-butyr)b r (n-penta)c r (n-hexan)d r (n-hepta)e

280 5.7� 0.1 5.0� 0.1 5.5� 0.2 5.5� 0.1 5.4� 0.3

285 7.1� 0.2 5.9� 0.1 6.2� 0.1 6.1� 0.2 6.4� 0.8

290 6.0� 0.2 5.9� 0.1 6.1� 0.2 6.0� 0.2 6.0� 0.4

295 6.1� 0.1 6.1� 0.1 6.6� 0.2 6.5� 0.2 6.6� 0.4

300 5.5� 0.2 5.8� 0.1 5.8� 0.2 5.9� 0.3 5.6� 0.2

305 4.5� 0.2 5.7� 0.1 5.4� 0.1 5.6� 0.2 5.3� 0.4

310 3.8� 0.1 4.2� 0.1 4.4� 0.1 4.4� 0.2 4.7� 0.3

315 3.1� 0.2 3.4� 0.1 3.7� 0.1 3.8� 0.3 4.0� 0.3

320 2.0� 0.1 2.3� 0.1 2.4� 0.1 2.5� 0.1 2.9� 0.3

325 1.4� 0.1 1.9� 0.1 1.8� 0.1 2.0� 0.2 1.9� 0.3

330 0.75� 0.01 1.1� 0.2 1.0� 0.2 1.2� 0.2 1.1� 0.2

aCross-section data for propionaldehyde were taken from reference 19.
bCross-section data for n-butyraldehyde were taken from reference 20.
cCross-section data for n-pentanal were taken from reference 21.
dCross-section data for n-hexanal were taken from reference 22.
eCross-section data for n-heptanal were taken from reference 22.
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in the 613–617-nm region that can be attributed to

individual rotational lines of the X2A00(0,0,0) ! A2A0

(0,9,0,) vibrational transition. Similar product absorp-

tion spectra were obtained from the photolysis of

n-butyraldehyde,[20] n-pentanal,[21] n-hexanal,[22] and

n-heptanal.[22] No noticeable difference was observed

in the shape or position of individual peaks in the

HCO spectrum obtained from the photolysis of differ-

ent aldehydes. The cavity ring-down spectrometer

was tuned to the HCO X2A00 (0,0,0) ! A2A0 (0,9,0) R

bandhead at 613.8 nm, and the HCO concentration

was followed as a function of time. Presented in

Fig. 3 is a temporal profile of HCO from the 290nm

photolysis of 3 Torr propionaldehyde[19] along with a

fitting of the HCO decay profile using the following

kinetic scheme:

HCOþ HCO�!H2COþ CO; ð7Þ

HCOþ C2H5�!products; ð8Þ

C2H5 þ C2H5�!C4H10; ð9aÞ

�!C2H4 þ C2H6; ð9bÞ

HCOþ C2H5CHO�!products: ð10Þ

This modeling scheme assumes that HCOþC2H5 is

the only important radical formation channel formed

from the direct photolysis of propionaldehyde at

290nm, an assumption supported by the HCO

quantum yield of 1.0� 0.1 from the photolysis of

propionaldehyde at 290nm described later in this

article. Time-resolved HCO decay profiles from the

photolysis of 3, 6, and 9Torr propionaldehyde were

compared with profiles calculated by the ACUCHEM

simulation program.[34] The following input para-

meters were used: rate constants for the HCOþHCO,

HCOþC2H5, C2H5þC2H5, and HCOþC2H5CHO

reactions (kHCOþHCO, kHCOþC2H5
, kC2H5þC2H5

, and

kHCOþC2H5CHO) and the initial HCO concentration

([HCO]0). A literature kC2H5þC2H5
value of 1.9� 10�11

cm3 molecule�1 s�1 was used in the fitting.[35] Initial

values of kHCOþHCO, kHCOþC2H5
, and kHCOþC2H5CHO

were provided to the program, and the simulated

HCO profiles were compared with the experimental

results. After several iterations and adjustments of

kHCOþHCO, kHCOþC2H5
, and kHCOþC2H5CHO values, opti-

mum fittings of the experimental profiles were accom-

plished. The kHCOþHCO, kHCOþC2H5
, and kHCOþC2H5CHO

values thus extracted[19] are (6.0� 1.5)� 10�11,

(6.5þ 1.5)� 10�11, and (1.5þ 0.2)� 10�14 cm3

molecule�1s�1, respectively, where uncertainty (1r)

represents the variation in rate constants required in

order for the calculated HCO profiles to fit the

measured profiles. The HCO decay profiles at all three

propionaldehyde pressures are well-fitted by these

extracted kHCOþHCO, kHCOþC2H5
, and kHCOþC2H5CHO

values. The accuracy of the kHCOþHCO and kHCOþC2H5

measurements is affected by accuracy in the determina-

tion of the HCO absorption cross-section (rHCO) and

the HCO’s initial concentration ([HCO]0), and by the

time resolution of the cavity ring-down spectroscopy

(�17–21 ls around 613nm). The initial HCO concen-

tration was in the range of 4.8� 1013 to 8.5�
1013 cm�3 for propionaldehyde pressures between 3

and 9 Torr. The overall uncertainty for the extracted

kHCOþHCO and kHCOþC2H5
is about 50%. Values of

kHCOþHCO and kHCOþC2H5
thus obtained agree well with

the recommended rate constant[25] for the HCOþHCO

reaction (k¼ 2.5� 10�11–10.0� 10�11 cm3 molecule�1

s�1 at 300K) and the previously reported rate con-

stant[36] for the C2H5þHCO reaction ((7.2� 1.6)� 10�11

cm3 molecule�1s�1). The influence of the numerical

value of kHCOþC2H5CHO on the HCO decay profiles

becomes important at time scales on the order of hun-

dreds of microseconds. Because the HCO decay pro-

files were measured at several propionaldehyde

pressures under the condition that [HCO]0<<

[C2H5CHO]0, the overall uncertainty in the value of

kHCOþC2H5CHO is about 20%. Inclusion of the

FIGURE 3 Time profile of the HCO radical from the photolysis of

3 Torr propionaldehyde at 290 nm (adapted from reference 19).

Circles represent experimental determinations. Solid line is a

simulated profile calculated using the ACUCHEM simulation

program.
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HCOþC2H5CHO reaction in the simulation leads to a

better fit of HCO decay profiles than is obtained with-

out inclusion of this reaction, especially on the time

scale of hundreds of ls. Consistent measurements of

the rate constant of the HCOþC2H5CHO reaction

were obtained. Also, the HCOþHCO, HCOþR,

and HCOþRCHO rate constants (R¼n-C4H9 and

n-C5H11) from the photolysis of n-pentanal[21] and

n-hexanal were measured.[22]

HCO Radical Quantum Yields from
the Photolysis of C3-C7 Aldehydes

in the 280–330nm Region

The HCO radical quantum yields from the

photolysis of propionaldehyde, n-butyraldehyde,

n-pentanal, n-hexanal, and n-heptanal were deter-

mined from the ratio of the HCO concentration pro-

duced in the pump=probe laser overlapping region

to the absorbed photon density in the same region.

The overlap region can be viewed as a rectangular

solid with its center overlapping that of the cell, with

width and height defined by those of the photolysis

beam, and length of the rectangular solid defined by

(beam width)� (tan 15�)�1, where 15 degrees is the

crossing angle between the pump and the probe

laser beams. The photolysis beam is absorbed by

aldehydes over the entire level arm through which

it travels. The absorbed photolysis photon density

in the pump=probe laser overlap region can be

derived from the difference in the transmitted

photolysis beam energy entering (Ein) and leaving

(Eout) that region, the individual photon energy

(hc=k) at the photolysis wavelength (k), and the

volume (v) of the overlapping region by the follow-

ing equations:

Absorbed photon density ¼ Ein � Eout
h c

k v
;

v ¼ beam width� beam height

� length of the rectangular solid

¼ beam width� beam height

� ðbeam widthÞ � ðtan 15�Þ�1

The photolysis beam energy entering or leaving the

pump=probe laser overlapping region can be

calculated from the incident photolysis beam energy

entering the cell (E0), the absorption cross-section

(r) and the density (n) of aldehyde 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

entry point and the beginning of the pump=probe

laser overlap region, and l2 is the distance between

the photolysis beam entry point and the end of the

pump=probe laser overlap region. The incident

photolysis beam energy was measured by a cali-

brated Joulemeter (Coherent) placed in front of the

cell (pulse energy calibration uncertainty <5%).

The incident beam energy inside the cell was cor-

rected for transmission loss at the front cell window

and for reflection of the photolysis beam from the

rear cell window. The HCO concentration after the

photolysis was acquired by measurement of HCO

absorption at 613.80 nm at a photolysis and a probe

laser delay of 15ms. To convert HCO absorption into

absolute concentration, we determined the absorp-

tion cross-section of HCO at the probe laser wave-

length either relative to that from the formaldehyde

photolysis, H2COþhn!HCOþH, for which the

recommended HCO quantum yield at each photoly-

sis wavelength is available,[25] or else from the

ClþH2CO!HClþHCO reaction.[25]

The dependence of the HCO radical quantum

yields on C3-C7 aldehyde pressure was examined.

Displayed in Figs. 4(a) and 4(b) are plots of the

HCO quantum yields (uHCO) as a function of propio-

naldehyde pressure at photolysis wavelengths of 290

and 320 nm.[19] The uncorrected HCO radical yields

initially decrease with increasing propionaldehyde

pressure and then level off at higher aldehyde pres-

sures. This initial decrease of the HCO quantum yield

with increasing propionaldehyde pressure possibly

results from quenching of the excited precursor to

dissociation by the ground-state propionaldehyde

molecules, as well as the increasing HCOþHCO,

C2H5þHCO, and HCOþC2H5CHO reactions at

higher propionaldehyde pressures. In order to

separate the contribution of HCO radical reactions

from the quenching process, we have corrected the

HCO radical yields for HCO radical reactions at

15 ms; included in Fig. 4 are both the uncorrected
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and the corrected HCO radical yields. As seen from

Fig. 4, there was no propionaldehyde pressure

quenching effect when the photolysis study was

conducted at 290 nm. The corrected HCO radical

yields still decrease with increasing propionaldehyde

pressure at 320 nm, suggesting an aldehyde pressure

quenching effect at longer photolysis wavelengths.

Since 320 nm is close to the photodissociation thresh-

old of propionaldehyde, increasing propionaldehyde

pressure may quench the excited state to below the

dissociation limit. (In the absence of values for the

exact photodissociation threshold of propionalde-

hyde, and the vibrational density of states of propio-

naldehyde in the ground and exited electronic states,

it is difficult to predict with accuracy the number of

collisions needed at each photolysis wavelength to

quench the excited state to below the dissociation

limit.) The corrected reciprocal HCO quantum yields

were plotted against propionaldehyde concentration

([C2H5CHO]) according to the Stern–Volmer equation:

1=uHCO ¼ 1=uHCO� þ ðkQ
C2H5CHO=k

D
C2H5CHOÞ

� ½C2H5CHO� ð11Þ

where uHCO
� is the HCO quantum yield extrapolated

to zero propionaldehyde pressure, and kQ
C2H5CHO=

kD
C2H5CHO is the ratio of quenching to unimolecular

decay rate constant of the excited propionaldehyde.

For those photolysis wavelengths at which the

corrected HCO yields are independent of propional-

dehyde pressure, kQ
C2H5CHO=k

D
C2H5CHO is equal to zero.

Illustrated in Fig. 5 is a plot of 1=uHCO vs. [C2H5CHO]

at 320-nm photodissociation wavelength;[19] note that

the Stern–Volmer plot is linear, suggesting collisional

electronic quenching of excited propionaldehyde.

Experimentally derived uHCO
� from the photolysis

of propionaldehyde, n-butyraldehyde, n-pentanal,

n-hexanal, and n-heptanal as a function of the photo-

lysis wavelength are tabulated in Table 2 and plotted

in Fig. 6. As seen from Fig. 6, the zero-pressure

HCO quantum yields from the photolysis of propio-

naldehyde,[19] n-butyraldehyde,[20] n-pentanal,[21]

n-hexanal,[22] and n-heptanal[22] exhibit significant

wavelength dependencies and decrease at both the

longer-wavelength and shorter-wavelength ends.

The decrease in HCO quantum yields with decreasing

wavelength at the shorter-wavelength end can

possibly be attributed to the opening of an additional

photolysis pathway, such as the formation of RHþCO,

at higher photon energies. The reduced HCO quan-

tum yields at the longer-wavelength end may be the

result of dissociation at near-threshold wavelengths.

The peak HCO quantum yields from the photolysis

of propionaldehyde,[19] n-butyraldehyde,[20]

n-pentanal,[21] n-hexanal,[22] and n-heptanal[22] are

1.0� 0.1, 0.8� 0.1, 0.20� 0.06, 0.15� 0.02, and

0.15� 0.06, respectively, where the uncertainty (1r)

represents experimental scatter. The HCO quantum

yield of 1.0� 0.1 from propionaldehyde photolysis

at 310 nm indicates that C2H5CHOþhn ! C2H5þHCO

is the dominant photolysis pathway. The difference

in the peak HCO quantum yields from propionalde-

hyde to n-butyraldehyde has been attributed to the

opening of the Norrish II channel from the photolysis

of n-butyraldehyde. The peak HCO radical yields

FIGURE 4 (a) The HCO radical yields as a function of

propionaldehyde pressure at photolysis wavelengths of 290 nm

(adapted from reference 19). (b) The HCO radical yields as a

function of propionaldehyde pressure at the photolysis wave-

length of 320 nm (adapted from reference 19). Circles represent

uncorrected HCO radical yields. Diamonds represent HCO yields

that have been corrected for HCOþHCO, HCOþC2H5, and

HCOþC2H5 CHO reactions at 15ls.
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decrease with increasing alkyl chain length between

n-butyraldehyde and n-pentanal, but this trend of

decrease does not continue for aldehydes with chain

length equal to or longer than five carbon atoms. The

shape of the curve relating HCO quantum yield to

wavelength, and the magnitude of the HCO radical

yields, are similar for n-pentanal, n-hexanal, and

n-heptanal. Since n-pentanal, n-hexanal, and

n-heptanal have c-hydrogen atoms or d-hydrogen

atoms that can be readily abstracted intramolecularly

by the O atom to form Norrish type II photoelimination

products or to form photocyclization products,

FIGURE 5 A Stern–Volmer plot of the reciprocal HCO yields from 320 nm photolysis of propionaldehyde (adapted from reference 19).

Circles represent experimental data. Solid line is a fit of the experimental data to the Stern–Volmer expression.

TABLE 2 Values of u�HCO from the Photolysis of C3-C7 Aldehydes

k (nm) u�HCO (prop)a u�HCO (n-butyr)b u�HCO (n-penta)c u�HCO (n-hexan)d u�HCO (n-hepta)e

280 0.9� 0.1 0.2� 0.1 0.06� 0.01 0.07� 0.01 0.08� 0.01

285 1.0� 0.1 0.2� 0.1 0.10� 0.01 0.09� 0.02 0.09� 0.01

290 1.0� 0.1 0.3� 0.1 0.10� 0.02 0.09� 0.01 0.10� 0.02

295 1.0� 0.1 0.3� 0.1 0.14� 0.01 0.10� 0.01 0.12� 0.03

300 0.9� 0.1 0.3� 0.1 0.10� 0.02 0.09� 0.01 0.11� 0.03

305 1.0� 0.1 0.5� 0.1 0.15� 0.02 0.12� 0.01 0.14� 0.04

310 1.0� 0.1 0.7� 0.1 0.14� 0.02 0.15� 0.02 0.15� 0.06

315 0.9� 0.1 0.8� 0.1 0.20� 0.06 0.14� 0.02 0.10� 0.01

320 1.1� 0.1 0.8� 0.1 0.14� 0.02 0.10� 0.01 0.11� 0.02

325 1.1� 0.1 0.7� 0.1 0.09� 0.03 0.10� 0.02 0.10� 0.02

330 0.8� 0.1 0.6� 0.1 0.09� 0.02 0.08� 0.02 0.10� 0.03

aQuantum yield values for propionaldehyde were taken from reference 19.
bQuantum yield values for n-butyraldehyde were taken from reference 20.
cQuantum yield values for n-pentanal were taken from reference 21.
dQuantum yield values for n-hexanal were taken from reference 22.
eQuantum yield values for n-heptanal were taken from reference 22.
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similar yields of intramolecular isomerization

products can be expected from the photolysis of each

of these longer-chain aldehydes. By extension, similar

HCO radical yields can be expected from the photo-

lysis of aldehydes with a chain length of five carbon

atoms or longer. On the other hand, n-butyraldehyde

only has primary c-hydrogen atoms, which are less

reactive than the secondary c-hydrogen atoms. There-

fore, radical formation is the preferred process from

n-butyraldehyde photolysis.

We examined the dependence of the HCO radical

quantum yields on total pressure by holding the

aldehyde pressure constant while changing the

nitrogen buffer-gas pressure. The HCO radical quan-

tum yields were found to be independent of total

pressure (6–387 Torr) to within the experimental

error limit in the 280–330 nm region. For the purpose

of atmospheric modeling, we consider it a good

approximation to set the zero-pressure HCO quan-

tum yields from the photolysis of C3-C7 aldehydes

equal to those in the presence of 760 Torr of

nitrogen, since nitrogen is an extremely poor

quencher of vibronically excited aldehyde.

The quantum yields of CO and C2H6 from the

photodissociation of propionaldehyde in air were

measured by Shepson and Heicklen.[37] Those

authors obtained quantum yields for the C2H5þHCO

channel from the difference in quantum yields

between CO and C2H6; the yields were 0.13, 0.28,

0.22, 0.26, 0.067, and 0.18 at 254, 280, 302, 313,

326, and 334 nm, respectively, in 760 Torr of air.

Heicklen et al.[38] acquired C2H5 quantum yields

either by flash photolysis of propionaldehyde in air

and monitoring the UV absorption of total peroxy

radicals (C2H5O2þHO2) at 250 nm, or by steady-state

photolysis of propionaldehyde in oxygen. Their

C2H5 yields were 0.89, 0.85, 0.50, 0.26, and 0.15 at

294, 302, 313, 325, and 334 nm, respectively, in

760 Torr air. Our HCO quantum yields from pro-

pionaldehyde photolysis[19] are 0.9� 0.1, 1.0� 0.1,

1.0� 0.1, 1.0� 0.1, 0.9� 0.1, 1.0� 0.1, 1.0� 0.1,

0.9� 0.1, 1.1� 0.1, 1.1� 0.1, and 0.8� 0.1 at 280,

285, 290, 295, 300, 305, 310, 315, 320, 325, and

330 nm, respectively, at 760 Torr nitrogen pressure.

The HCO yields from this study are much larger

than the C2H5 yields reported by Shepson and

Heicklen.[37] There is a good agreement between

the 295- and 300-nm HCO yields determined by

Chen and Zhu[19] and the 294 and 302 nm C2H5 yields

reported by Heicklen et al.[38] However, these HCO

yields at 315 and 325 nm are 1.8–4.2 times the pre-

viously reported[38] C2H5 yields at 313 and 325 nm.

Since both the ground-state oxygen molecule and

the first electronically excited state of propionalde-

hyde are triplet, there might be an electronic-to-

electronic energy transfer (E!E) between excited

propionaldehyde and oxygen. This quenching effect

would become more pronounced at the longer

wavelength tail where dissociation is near threshold.

Another plausible explanation for this difference in

radical yields in the presence and absence of oxygen

is that the complex chemistry involved in the pre-

sence of oxygen might introduce greater uncertain-

ties in the results of Heicklen et al.[38]

Förgeteg et al.[39] investigated the photolysis of

n-butyraldehyde at 313 nm by analyzing the yields

of 20 end-products. They found the primary photoly-

sis pathways to be n-C3H7CHOþhn!n-C3H7þ
HCO (u¼ 0.34) and n-C3H7CHOþhn!C2H4þ
CH3CHO (u¼ 0.17). The zero pressure HCO

quantum yield (0.8) at 313 nm obtained by Chen

et al.[20] is 2.4 times the yield obtained by Förgeteg

FIGURE 6 Zero pressure HCO quantum yields from the photoly-

sis of C3-C7 aldehydes as a function of photodissociation wave-

length. Circles: propionaldehyde;[19] triangles: n-butyraldehyde,[20]

squares: n-pentanal,[21] diamonds: n-hexanal,[22] inverted triangles:

n-heptanal.[22]
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et al. Since the HCO yield reported by Förgeteg

et al. was obtained through end-product measure-

ments and at an n-butyraldehyde pressure of

100Torr, it is subject to more uncertainties. Tadić

et al.[31,32,40] recently characterized photo-oxidation

of n-butyraldehyde, n-pentanal, n-hexanal, and

n-heptanal in air by combining UV lamp photolysis

(275–380 nm) with FTIR. Major products identified

include ethene (n-butyraldehyde) or propene

(n-pentanal) or 1-butene (n-hexanal) or 1-pentene

(n-heptanal), CO, vinylalcohol, and acetaldehyde.

They found the total photolysis quantum yields to

be slightly dependent on the total pressure. The yield

of the radical channel or Norrish II channel was

derived from the ratio of the amount of CO or alkene

formed to that of aldehyde consumed. Both the

HCOþR channel and the COþRH channel lead to

the formation of CO when aldehyde (RCHO) is

photolyzed in air. The relative contributions of the

HCOþR channel and the COþRH channel were

not reported in the papers by Tadić et al.[31,32,40] As

a Result, a direct comparison of this HCO yield to

theirs is not possible. A Significant dependence of

the aldehyde HCO quantum yield on nitrogen

buffer-gas pressure was not observed over the total

pressure range of 8–400 Torr.

Photodissociation Rates to Form
HCO Radicals in the Atmosphere

The atmospheric radical formation rates (krad)

from the photolysis of C3-C7 aldehydes were calcu-

lated using the actinic solar flux (J(k)) reported by

Demerjian et al.,[41] and the aldehyde absorption

cross-sections (r(k)) and the HCO radical quantum

yields at 760 Torr nitrogen pressure (uHCO(k)) deter-

mined by our group,[19–22] using the relationship:

krad ¼ RrðkÞ � uHCOðkÞ � J ðkÞDk: ð12Þ

Radical-formation rates from the photodissocia-

tion of C3-C7 aldehydes were estimated as a function

of the zenith angle under cloudless conditions at sea

level and for best-estimate albedo (5% in the

290–330nm region[42]). The results[19–22] are shown

in Fig. 7. Our estimated HOx radical-production rates

for zenith angles in the 30–60� range are 3.8� 10�5

to 1.6� 10�5 s�1 for propionaldehyde,[19] 3.5� l0�5

to 1.5� 10�5 s�1 for n-butyraldehyde,[20] 6.7� l0�6 to

2.7� l0�6 s�1 for n-pentanal,[21] 5.8� l0�6 to

2.4� l0�6 s�1 for n-hexanal,[22] and 5.9� l0�6 to

2.5� l0�6 s�1 for n-heptanal.[22] The OH radical

production rates from ozone photolysis followed

by O(1D)=H2O reaction were calculated using

gas-phase ozone UV absorption cross-section and

O(1D) channel quantum yield from ozone photolysis

reported in reference 25; they are about 6.6� 10�5 to

1.5� 10�5 s�1 for zenith angles in the 30–60� range.

Photodissociation of aldehydes can be a significant

source of HOx radicals in polluted, VOC-rich

atmospheric environments. Assuming a photolysis

quantum yield of unity in the actinic UV region for

aldehyde, and using the aldehyde absorption

cross-sections,[19–22] the corresponding atmospheric

photodissociation lifetimes for propionaldehyde,[19]

n-butyraldehyde,[20] n-pentanal,[21] n-hexanal,[22]

and n-heptanal[22] are on the order of 6.0–17.4,

4.9–13.7, 4.8–13.4, 4.5–12.6, and 4.4–12.3 h for zenith

angles in the 0–60� range. Rate constants[3,5,7–11]

for OH radical reactions with propionaldehyde,

n-butyraldehyde, n-pentanal, n-hexanal, and

n-heptanal are on the order of 1.7� l0�11, 2.4� l0�11,

2.5� l0�11, 2.6� l0�11, and 3.0� l0�11 cm3molecule�1

s�1, respectively; these correspond to OH radical

FIGURE 7 Atmospheric photodissociation rate constants of

C3-C7 aldehydes to form radicals as a function of zenith angle

at 760 Torr nitrogen pressure. Circles: propionaldehyde,[19]

triangles: n-butyraldehyde,[20] squares: n-pentanal,[21] diamonds:

n-hexanal,[22] inverted triangles: n-heptanal.[22]
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reaction lifetimes of 8.2, 5.8, 5.6, 5.3, and 4.6 h for

an average noontime OH concentration[40] of

2� l06 cm�3. Therefore, both photolysis and OH

radical reactions are important removal pathways

for C3-C7 aldehydes in the atmosphere.

Implications for Atmospheric
Modeling

In the carbon bond model,[43] aldehydes have

been grouped together, while acetaldehyde has been

used as a surrogate for aldehydes>C1. Results from

our aldehyde photolysis study[20–22] indicate that the

photolysis pathways and quantum yields of large

aldehydes (	C4) are very different from those of

acetaldehyde due to the opening of the Norrish II

channel and the photocyclization channels for the

former. As a result, acetaldehyde photolysis is not

representative of the photolysis of large aldehydes.

Based upon the results of the photolysis product

channel and quantum yield measurements of C3-C7

aldehydes,[19–22] it is recommended that the >C1

aldehydes be divided into three groups in modeling

of the photochemistry of saturated aliphatic alde-

hydes. The first group consists of acetaldehyde and

propionaldehyde. The second group consists of

n-butyraldehyde. The third group consists of 	C5

aldehydes. The calculated aldehyde atmospheric

photodissociation rates are in the same range as

OH radical aldehyde reaction rates.
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4. Dóbé, S.; Khachatryan, L. A.; Bérces, T. Kinetics of reactions of
hydroxyl radicals with a series of aliphatic aldehydes. Berichte der

Bunsen Gesellschaft fur Physikalische Chemie-An International
Journal of Physical Chemistry 1989, 93, 847–852.

5. Kerr, J. A.; Sheppard, D. W. Kinetics of the reactions of hydroxyl
radicals with aldehydes studied under atmospheric conditions.
Environmental Science and Technology 1981, 15, 960–963.

6. Tyndall, G. S.; Staffelbach, T. A.; Orlando, J. J.; Calvert, J. G. Rate
coefficients for the reactions of oh radicals with methylglyoxal and
acetaldehyde. International Journal of Chemical Kinetics 1995, 27,
1009–1020.

7. Papagni, C.; Arey, J.; Atkinson, R. Rate constants for the gas-phase
reactions of a series of C3-C6 aldehydes with OH and NO3 radicals.
International Journal of Chemical Kinetics 2000, 32, 79–84.

8. Albaladejo, J.; Ballesteros, B.; Jimenez, E.; Martin, P.; Martinez, E. A
PLP-LIF kinetic study of the atmospheric reactivity of a series of
C4-C7 saturated and unsaturated aliphatic aldehydes with OH.
Atmos. Environ. 2002, 36, 3231–3239.
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