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We have investigated the gas-phase photolysis ofn-butyraldehyde (CH3(CH2)2CHO) and i-butyraldehyde
((CH3)2CHCHO) at 5 nm intervals in the 280-330 nm region using dye laser photolysis in combination with
cavity ring-down spectroscopy. Absorption cross sections of both aldehydes have been measured. The quantum
yields of radical/molecular photolysis products have been determined as functions of photodissociation
wavelength (λ), aldehyde pressure, and nitrogen buffer-gas pressure. The HCO radical is a photodecomposition
product of both aldehydes. The HCO quantum yields, determined by monitoring HCO absorption at 613.8
nm, decrease with increasing aldehyde pressure in the 1-10 Torr range because of the increasing HCO+
HCO, HCO+ R, and HCO+ RCHO reactions (R) n-C3H7 and i-C3H7) at higher aldehyde pressures and
because of quenching by ground-state aldehydes. After separation of the contribution of HCO radical reactions,
the aldehyde pressure quenching effect was observed only atλ g 310 nm. The HCO quantum yields (at all
λ values) and the ratios of quenching to unimolecular decay rate constants of excited aldehydes (λ g 310
nm) are given. The HCO quantum yields fromn-butyraldehyde photolysis are 0.52( 0.05, 0.74( 0.08, 0.84
( 0.04, and 0.77( 0.08 at 305, 310, 315, and 320 nm, respectively, where the uncertainty (1σ) represents
experimental scatter only. The corresponding HCO quantum yields fromi-butyraldehyde photolysis are 0.92
( 0.08, 1.06( 0.07, 1.06( 0.13, and 1.10( 0.10. The differences in the peak HCO quantum yields are
attributed to the opening up of the Norrish II channel (formation of C2H4 + CH3CHO) fromn-butyraldehyde
photolysis. The dependence of the HCO quantum yield on the nitrogen buffer-gas pressure was examined
between 8 and 400 Torr; no dependence was observed. The end products from the photolysis of both aldehydes
were analyzed by mass spectrometry. The occurrence of the Norrish II channel is confirmed forn-butyraldehyde.

Introduction

Aliphatic aldehydes are key trace components of the tropo-
sphere. They play a central role in the formation of photochemi-
cal smog, peroxyacetyl nitrate (PAN), and ground-level ozone.
Photodissociation of aldehydes is an important source of free
radicals in the atmosphere. The major gas-phase removal
pathways for saturated aldehydes in the atmosphere are uni-
molecular photodissociation and reactions with OH radicals.
Previous studies have reported rate constants for reactions of
OH radicals with C1-C5 aldehydes.1-5 Extensive investigations
have been carried out to determine the photolysis of formalde-
hyde (CH2O) and acetaldehyde (CH3CHO).6-9 Recently, our
group has studied the wavelength-dependent photolysis of
propionaldehyde (C2H5CHO), n-pentanal (n-C4H9CHO), i-
pentanal (i-C4H9CHO), andt-pentanal (t-C4H9CHO).10-12 In the
case ofn-pentanal photolysis, the Norrish II channel (formation
of CH3CHO + C3H6) occurs at the expense of the radical-
formation channel. The yields of the Norrish II and radical-
formation channels are comparable fori-pentanal. The Norrish

II channel is not available fort-pentanal. Becausen-butyralde-
hyde (n-C3H7CHO;n-butanal) is the smallest aliphatic aldehyde
capable of the Norrish II process (formation of CH3CHO +
C2H4), it would be interesting to compare its photolysis with
that of n-pentanal andi-pentanal. The photolysis ofn-butyr-
aldehyde has been reported at 313 nm.13 There has been a recent
study of the broadband oxidation ofn-butyraldehyde in air over
the 275-380 nm region.14 Photooxidation ofi-butyraldehyde
(i-C3H7CHO; i-butanal) has been investigated at 253.7, 280.3,
302.2, 312.8, 326.1, and 334.1 nm.15 Determination of the
wavelength-dependent photolysis yields of C4 aldehydes allows
us to make a comparison with the yields obtained previously
for C1-C3 and C5 aldehydes. Comparison of the HCO yields
from the photodecomposition ofn-butyraldehyde andi-butyr-
aldehyde also allows us to determine the effect of alkyl
substitution on aldehyde photolysis quantum yields.

n-Butyraldehyde andi-butyraldehyde possess a UV absorption
band in the 240-360 nm region resulting from an nf π*
transition.16 The following dissociation pathways are energeti-
cally possible following excitation ofn-butyraldehyde and
i-butyraldehyde in the UV region:
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Threshold wavelengths were calculated from the corresponding
enthalpy changes. Pathways 1, 2, and 3 are radical-formation,
molecular-elimination, and Norrish II processes, respectively.
Pathway 4 is another radical-formation channel but is found to
be minor for small aldehydes.17

Presented in this paper are the results obtained from an
experimental investigation of the photolysis ofn-butyraldehyde
andi-butyraldehyde at 5-nm intervals in the 280-330 nm region
using dye laser photolysis combined with cavity ring-down
spectroscopy.18,19Absorption cross sections ofn-butyraldehyde
andi-butyraldehyde have been obtained at each wavelength that
was studied. The quantum yields of HCO and their dependences
on photolysis wavelength, aldehyde 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.
The photolysis end-products have been characterized by mass
spectrometry at 290, 310, and 330 nm. Photodissociation rate
constants and lifetimes ofn-butyraldehyde andi-butyraldehyde
have been estimated as a function of zenith angle for cloudless
conditions at sea level and at 760 Torr of nitrogen.

Experimental Technique

The experimental apparatus has been described in detail
elsewhere.11,12,20,21Two laser systems, one for the photolysis
of aldehydes and the other for the detection of the HCO
photoproduct, were used in the experiments. Photolysis radiation
was provided by the frequency-doubled output of a tunable dye
laser pumped by a 308-nm XeCl excimer laser (∼200 mJ/pulse).
Laser dyes used in the experiments included coumarin 153,
rhodamine 6G, rhodamine B, rhodamine 101, and DCM. The
photolysis beam was introduced into the reaction cell at a 15°
angle with respect to the main cell axis through a sidearm. The
probe 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 the probe laser beams crossed 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. 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. The ring-down
time constant and the total loss per optical pass were computed.
The ring-down time constant was on the order of 27µs 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
n-butyraldehyde ori-butyraldehyde was obtained. A pulse/delay
generator was used to vary the delay time between the firing of

the photodissociation and the probe lasers. The photolysis laser
pulse energy was measured with a calibrated joulemeter. The
mass spectra of the stable end-products from photodecompo-
sition of n-butyraldehyde andi-butyraldehyde were recorded
by a residual gas analyzer mass spectrometer (Stanford Research
Systems, RGA300), which was connected on-line with the
photolysis cell.

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. The 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.

n-Butyraldehyde andi-butyraldehyde (both with purity
g99.5%; Aldrich) were purified by repeated vacuum distillations
at 77 K before each experimental run to remove volatile
impurities. 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 ofn-Butyraldehyde and i-
Butyraldehyde in the 280-330-nm Region.Shown in Figure
1 and Table 1 are the room-temperature absorption cross sections
of n-butyraldehyde andi-butyraldehyde determined at 5-nm
intervals in the 280-330-nm region. The absorption cross
section at each wavelength was obtained by monitoring the
transmitted photolysis photon intensity as a function ofn-

Figure 1. Absorption cross sections ofn-butyraldehyde (upper panel)
andi-butyraldehyde (lower panel) in the 280-330-nm region: (b) this
work; (s) Martinez and co-workers;16 (‚ ‚ ‚) Tadic and co-workers.14

RCHO+ hν f R + HCO (λ e 349 nm for
R ) n-C3H7 andi-C3H7) (1)

f RH + CO (all λ) (2)

f CH3CHO + C2H4 (λ e 1.3µm for

R ) n-C3H7) (3)

f RCO+ H (λ e 327 nm for
R ) n-C3H7 andi-C3H7) (4)
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butyraldehyde andi-butyraldehyde pressure in the cell and by
applying Beer’s law to the data. Error bars quoted (1σ) are the
estimated precision of cross-section determinations, which
include the standard deviation 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 impurities (<0.5%) in n-
butyraldehyde andi-butyraldehyde. Adding relative (see Table
1) and systematic errors, the overall uncertainty forn-butyr-
aldehyde andi-butyraldehyde cross-section measurements is
about 5-10% for all wavelengths except 330 nm, where the
overall measurement uncertainty is on the order of 15%. For
comparison, cross-section results reported by Martinez and co-
workers16 (n-butyraldehyde andi-butyraldehyde) and by Tadic
and co-workers14 (n-butyraldehyde) are included in Figure 1.
Our cross-section values forn-butyraldehyde agree to within

10% with those obtained previously in the 280-325-nm region
and to within 25% at 330 nm.16 Our cross-section data for
i-butyraldehyde agree to within 10% with those obtained by
Martinez and co-workers16 in the 280-310-nm region and to
within 15% at 315 nm, 25% at 320 and 325 nm, and 35% at
330 nm.

Time-Resolved Studies of the Photolysis ofn-Butyralde-
hyde andi-Butyraldehyde in the 280-330-nm Region.Figure
2 shows a cavity ring-down absorption spectrum of the product
after 290-nm photolysis ofi-butyraldehyde. Also shown is a
previously reported absorption spectrum of HCO in the same
wavelength region.22 A comparison of these two spectra
indicates that the HCO radical is a photolysis product of
i-butyraldehyde. A similar product absorption spectrum was also
obtained from the photolysis ofn-butyraldehyde. 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. Shown in
Figure 3 is a temporal profile of HCO from 290-nm photolysis
of 3 Torr i-butyraldehyde along with a fit of the HCO decay
profile using the following kinetic scheme:

This modeling scheme assumes that the HCO+ i-C3H7 channel
is the only important radical-formation channel from the
photolysis of i-butyraldehyde at 290 nm. (As described in a
later section, the HCO yield from the photodissociation of
i-butyraldehyde at 290 nm is 0.71, whereas the balance of the
yield is attributed to the C3H8 + CO channel.) Also included
in Figure 3 is a plot of the experimental ring-down time constant
as a function of time. As can be seen from this Figure, HCO
concentration decays to its1/e value in about 145µs, while the
ring-down time constant varies from∼19 to ∼25 µs in this
interval. Time-resolved HCO decay profiles from the photo-
dissociation of 3, 6, and 9 Torri-butyraldehyde were compared
with the calculated values by the ACUCHEM simulation
program.23 The following input parameters were used: rate
constants for the HCO+ HCO, HCO + i-C3H7, i-C3H7 +
i-C3H7, and HCO + i-C3H7CHO reactions (kHCO + HCO,
kHCO + i-C3H7, ki-C3H7 + i-C3H7, andkHCO + i-C3H7CHO) and the
initial HCO concentration ([HCO]0). Initial values of
kHCO + HCO, kHCO + i-C3H7, andkHCO + i-C3H7CHO were input , and
the simulated HCO profiles were compared with the experi-
mental results. A value forki-C3H7 + i-C3H7 of 2.11× 10-11 cm3

molecule-1 s-1 was taken from the literature.24 Values of
kHCO + HCO, kHCO + i-C3H7, andkHCO + i-C3H7CHO were adjusted
until optimum fits of experimental profiles were accomplished.
CoefficientskHCO + HCO, kHCO + i-C3H7, andkHCO+i-C3H7CHO thus
extracted are (5.8( 0.8) × 10-11, (4.4 ( 0.6) × 10-11, and
(1.7 ( 0.3) × 10-14 cm3 molecule-1 s-1, respectively, where
the uncertainty (1σ) represents experimental scatter only. The
HCO decay profiles at all threei-butyraldehyde pressures are
well fitted by the extractedkHCO + HCO, kHCO + i-C3H7, and
kHCO + i-C3H7CHO rate constants. The accuracy ofkHCO + HCO and
kHCO + i-C3H7 measurements is affected by the accuracy in the
determination

TABLE 1: Absorption Cross Sections ofn-Butyraldehyde
and i-Butyraldehyde as a Function of Wavelength

λ (nm)
σ (n-butyraldehyde)

(10-20 cm2 molecule-1)
σ (i-butyraldehyde)

(10-20 cm2 molecule-1)

280 4.96( 0.06a 4.93( 0.13
285 5.85( 0.11 5.57( 0.03
290 5.88( 0.06 5.58( 0.08
295 6.14( 0.04 5.76( 0.01
300 5.82( 0.11 5.75( 0.20
305 5.68( 0.08 5.43( 0.14
310 4.17( 0.02 4.70( 0.14
315 3.38( 0.07 4.08( 0.13
320 2.28( 0.14 3.15( 0.27
325 1.86( 0.13 2.15( 0.10
330 1.11( 0.15 1.41( 0.21

a Uncertainty (1σ) represents experimental scatter.

Figure 2. Upper panel: intracavity laser absorption spectrum of the
(000)f (090) vibronic transition of HCO following photolysis of 0.1
Torr CH3CHO/10 Torr Ar at 266 nm (adapted from ref 22). Lower
panel: low-resolution cavity ring-down absorption spectrum of the
product from 290-nm photolysis of 5.8 Torr ofi-C3H7CHO.

HCO + HCO f H2CO + CO (5)

HCO + i-C3H7 f products (6)

i-C3H7 + i-C3H7 f C6H14 (7a)

f C3H6 + C3H8 (7b)

HCO + i-C3H7CHOf products (8)
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of the HCO absorption cross section (σHCO) and initial concen-
tration and by the time resolution of the cavity ring-down
spectroscopy (∼19-29 µs near 613 nm). TheσHCO value used
in the calculation is∼1.7 × 10-18 cm2/molecule. The initial
HCO concentration was in the range of 3.7× 1013 to 7.5 ×
1013 cm3 when thei-butyraldehyde pressure was varied between
3 and 9 Torr. The overall uncertainty in the extracted values of
kHCO + HCO and kHCO + i-C3H7 is about 50%. The extracted
kHCO + HCO and kHCO + i-C3H7 values agree well with the
recommended rate constant25 for the HCO+ HCO reaction (k
) 2.5 × 10-11 to 10.0× 10-11 cm3 molecule-1 s-1 at 300 K)
and with the previously reported rate constant26 for the HCO
+ i-C3H7 reaction ((5.9( 1.2) × 10-11 cm3 molecule-1 s-1).
The value of kHCO + i-C3H7CHO mainly influences the HCO
decay profile when its time scale is on the order of hundreds of
µs. Because the HCO decay profiles were measured at several
i-butyraldehyde pressures under the condition that [HCO]0 ,
[i-C3H7CHO]0, the overall uncertainty in thekHCO + i-C3H7CHO
value is∼20%. We have not attempted to measure the HCO+
HCO, HCO+ n-C3H7, and HCO+ n-C3H7CHO rate constants
from the photolysis ofn-butyraldehyde because of the weaker
HCO signal.

HCO Quantum Yields from the Photolysis ofn-Butyral-
dehyde andi-Butyraldehyde in the 280-330-nm Region.The
HCO quantum yields from the photolysis ofn-butyraldehyde
andi-butyraldehyde 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 viewed as a rectangular solid with
the center overlapped with that of the cell, with the 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 the probe beams. The photolysis beam widths
varied between 1.3 and 3.5 mm, depending on the identity of
the laser dyes used, whereas the uncertainty in the beam width
measurement is∼15%. Thus, the length of the photolysis/probe
laser overlapping region is between 5.0( 0.8 and 13.5( 2.0
mm. The photolysis beam is absorbed byn-butyraldehyde or
i-butyraldehyde over the entire level arm through which it
travels. The absorbed photolysis photon density in the pump/
probe laser overlapping 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/λ) at the photolysis wavelength (λ), and the volume (V) of
the overlapping region by using the following equations:

The photolysis beam energy entering or leaving the pump/probe
laser overlapping region can be calculated from 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:

l1 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 joulemeter in front
of the cell. The incident beam energy inside the cell 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% correction). 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, we deter-
mined the absorption cross section of HCO at the probe laser
wavelength relative either to the formaldehyde photolysis
reaction H2CO+ hν f HCO+ H, for which the HCO quantum
yield is known,25 or to the Cl+ H2COf HCl + HCO reaction.
In the 280-300-nm region, formaldehyde photolysis calibration
was used. H2CO was produced immediately prior to each
calibration run in a glass bulb. The purity of the H2CO was
estimated by comparing its absorption cross sections with
literature values.27 The H2CO absorption cross section was
determined by measuring the transmitted photolysis photon
fluence as a function of H2CO 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 Moortgat27 to within 10% at 280 and 295 nm, 15%
at 300 nm, 20% at 290 nm, and 35% at 285 nm. Because the
HCO absorption was measured 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
density in the photolysis/probe laser overlapping region and from

Figure 3. Upper panel: time profile of the HCO radical from the
photolysis of 3 Torr ofi-butyraldehyde at 290 nm: (b) experimental
results; (s) calculated profile using the ACUCHEM simulation
program. Lower panel: ring-down time constant as a function of time.

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)
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the literature25 HCO yields from the H2CO photolysis):

The value ofkHCO + HCO ) 5.8 × 10-11 cm3 molecule-1 s-1

determined from this work was used in the fitting. Literature
values ofkH + HCO ) 1.5 × 10-10 cm3 molecule-1 s-1 and
kH + H2CO ) 3.8× 10-14 cm3 molecule-1 s-1 were also used in
the simulation.28 In the 300-330-nm region, the absolute HCO
concentration was calibrated relative to the Cl+ H2CO reaction.
The Cl+ H2CO calibration was conducted by first introducing
only H2CO into the cell and determining the HCO radical
absorption from the formaldehyde photolysis. Initial concentra-
tions of HCO radicals ([HCO]0) and hydrogen atoms ([H]0)
generated from the photolysis of formaldehyde were calculated.
A mixture of chlorine (Cl2) and H2CO (an equal amount of H2-
CO, as in the formaldehyde photolysis) was subsequently
introduced into the cell, and the HCO absorption 15µs after
the photolysis of a Cl2/H2CO mixture was measured. Values of
the ratio of HCO absorption due to the photolysis of H2CO to
the absorption due to the photolysis of a Cl2/H2CO mixture were
approximately 9-15, 9-46, 17-43, 26-52, 5-16, 4-10, and
3-16% at 300, 305, 310, 315, 320, 325, and 330 nm,
respectively. 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 in the 300-330-nm region and are listed
in Table 2. They agree with literature values29 to within 10%
at all wavelengths. The following sequence of reactions can
occur 15µs after the photolysis of a Cl2/H2CO mixture:

The chlorine atoms in eq 11 are generated from the photolysis
of Cl2, and those in eq 12 are a product of the reaction of Cl2

with HCO. The chlorine atoms in eq 14 are a product of the
reaction of Cl2 with H atoms generated from formaldehyde
photolysis. Reactions 13 and 15 represent the generation of HCO
through reactions of secondary Cl atoms with H2CO. The
following parameters have been used in the ACCUCHEM
program to calculate the HCO concentration 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 formaldehyde photolysis, 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.25,30,31The HCO absorption
cross section (σHCO) was derived using the equation

whereAt)15 µs and [HCO]t)15 µs are the round-trip HCO absorp-
tion and HCO concentration, respectively, 15µs after the
photolysis of a Cl2/H2CO mixture.l is the absorbing path length
and is equal to (photolysis beam width)/sin 15°. To estimate
the effect of sequential reactions, such as reactions 12 and 13
or reactions 14 and 15, toward HCO concentration 15µs after
the photolysis of a Cl2/H2CO mixture, we also ran simulations
without including these processes.

Sequential reactions 12 and 13 decrease the HCO concentra-
tion by ∼2% under the experimental conditions used and have
been corrected. Regeneration of HCO through reactions 14 and
15 increases the HCO concentration by 3-10% at 300 nm and
in the 320-330-nm region. This correction of the HCO
regeneration is 6-23% at 305 nm, 12-25% at 310 nm, and
14-27% at 315 nm. At 300 nm, both formaldehyde photolysis
and the Cl+ H2CO reaction were used to calibrate the absolute
HCO concentration. In these calibrations, the optical depth of
formaldehyde was within a factor of 2 of that of Cl2. The HCO
absorption cross section obtained by these two methods agrees
to within 10%. The value of the HCO cross section ranges from
1.6 × 10-18 to 2.0 × 10-18 cm2 at 613.8 nm, with a
measurement uncertainty of∼20%.

The dependence of the HCO quantum yields onn-butyral-
dehyde andi-butyraldehyde pressures was examined by deter-
minations of the HCO quantum yields from the photolysis of
1, 2, 4, 6, 8, and 10 Torr ofn-butyraldehyde andi-butyraldehyde.
Shown in Figure 4 are plots of the HCO quantum yields (æHCO)
as a function ofi-butyraldehyde pressure at photolysis wave-
lengths of 285 and 325 nm.æHCO decreases with increasing
i-butyraldehyde pressure possibly because of the quenching of
the excited i-butyraldehyde by the ground-state aldehyde
molecules and the increasing HCO+ HCO, HCO+ i-C3H7,
and HCO+ i-C3H7CHO reactions at higher aldehyde pressures.
To separate the contribution of HCO radical reactions from that
of the quenching process, we include in Figure 4 both the
uncorrected HCO yields and the yields that have been corrected
for HCO radical reactions at 15µs. As can be seen from this
Figure, there was noi-butyraldehyde pressure quenching effect
when the photolysis study was conducted at 285 nm. The
corrected HCO quantum yields still decrease with increasing
aldehyde pressure at 325 nm, suggesting ani-butyraldehyde
pressure quenching effect at longer photolysis wavelengths.
Because 325 nm is close to the photodissociation threshold of
i-butyraldehyde, increasingi-butyraldehyde pressure quenches
the excited molecule to below its dissociation limit. The
corrected reciprocal HCO yields were plotted againsti-butyral-

TABLE 2: Absorption Cross Sections of Formaldehyde and
Chlorine

λ (nm)
σH2CO

(10-20 cm2 molecule-1)
σCl2

(10-20 cm2 molecule-1)

280 2.10( 0.18a

285 2.81( 0.10
290 0.96( 0.12
295 3.81( 0.37
300 1.13( 0.07 11.4( 0.7
305 16.0( 0.1
310 17.0( 0.1
315 20.7( 1.0
320 23.0( 2.3
325 25.8( 0.6
330 25.4( 0.4

a Uncertainty (1σ) represents experimental scatter.

HCO + HCO f H2CO + CO (5)

H + HCO f H2 + CO (9)

H + H2CO f H2 + HCO (10)

Cl + H2CO f HCl + HCO (11)

Cl2 + HCO f HClCO + Cl‡ (12)

Cl‡ + H2CO f HCl‡ + HCO (13)

H + Cl2 f HCl + Cl* (14)

Cl* + H2CO f HCl* + HCO (15)

At)15 µs ) σHCO × [HCO]t)15 µs × 2 × l
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dehyde concentration ([i-C3H7CHO]) according to the Stern-
Volmer equation:

æ0
HCO is the HCO quantum yield extrapolated to zeroi-

butyraldehyde pressure, andkQ
i-C3H7CHO/kD

i-C3H7CHO is the ratio
of quenching to the unimolecular decay rate constant of excited
i-butyraldehyde. For those photodissociation wavelengths at
which the corrected HCO quantum yields are independent of
i-butyraldehyde pressure,kQ

i-C3H7CHO/kD
i-C3H7CHO is set equal

to zero. Shown in Figure 5 is a linear plot of 1/æHCO versus
[i-C3H7CHO] that was obtained from the 325-nm photolysis of
i-C3H7CHO. Values ofæ0

HCO and kQ/kD for n-butyraldehyde
andi-butyraldehyde as a function of the photolysis wavelength
are tabulated in Table 3 and plotted in Figure 6 (æ0

HCO only).
kD

n-C3H7CHO has been reported to be approximately 2.2× 108

s-1 for excited n-butyraldehyde (S1 state,Evib ≈ 0), which
corresponds to an excited-state decay lifetime of about 4.5 ns.32

kQ
n-C3H7CHO is on the order of 1.9× 10-10 to 5.7× 10-10 cm3

molecule-1 s-1. Assuming akD
i-C3H7CHO value of 2.2× 108 s-1,

kQ
i-C3H7CHO is on the order of 1.9× 10-10 to 4.4× 10-10 cm3

molecule-1 s-1. The magnitudes ofkQ
n-C3H7CHO andkQ

i-C3H7CHO

are reasonable because an electronic-to-vibrational energy
transfer (Ef V) can occur on a single-collision time scale. As
seen from Figure 6, the zero pressure HCO quantum yields from
n-butyraldehyde andi-butyraldehyde photolysis display signifi-
cant wavelength dependencies and decrease at both the longer-
and the shorter-wavelength ends. The decrease in HCO quantum
yields with decreasing wavelength at the shorter-wavelength end
can possibly be attributed to the opening up of an additional
photodissociation pathway, such as the formation of C3H8 +

CO, at higher photon energy. The reduced HCO quantum yields
at the longer-wavelength tail may be the result of dissociation
at near-threshold wavelengths. The peak HCO quantum yield
from n-butyraldehyde photolysis is 0.84( 0.04, whereas that
from i-butyraldehyde photolysis is 1.10( 0.10. The difference
in the peak HCO quantum yields fromn- and i-butyraldehyde
photolysis is attributed to the opening up of the Norrish II
channel forn-butyraldehyde. Error bars were calculated using
cumulative error analysis of the standard deviations of at least
two 1/æHCO versus [C3H7CHO] plots. Systematic errors include
uncertainties in the determination of the following parameters:
HCO absorption cross section (∼20%), n-butyraldehyde or
i-butyraldehyde concentration and cross section (∼10%), pulse
energy (∼5%), angle between the photolysis and the probe lasers
(3%), and the dye laser width. Because the HCO quantum yields
from the photolysis ofn- andi-butyraldehyde were determined
relative to those obtained from H2CO photolysis or from the
Cl + H2CO reaction, the uncertainty in the dye laser width
measurement should not directly affect the relative HCO
quantum yields, although it will affect the correction of the HCO
radical reactions. As a result, the uncertainty in the dye laser
width will indirectly affect the yield data. Adding the relative
(∼10%) and systematic errors, the overall uncertainty in the
determination ofæ0

HCO is about 50% in the wavelength range
that was studied.

We examined the dependence of the HCO quantum yields
on the total pressure by maintaining a constantn- or i-
butyraldehyde pressure and varying the nitrogen buffer-gas
pressure. The HCO quantum yields were found to be indepen-
dent of the total pressure to within the experimental error limit
when the total pressure was varied from 8 to 400 Torr in the
280-330-nm region. In the presence of excess nitrogen, a
relatively inefficient electronic-to-rotational/translational energy
transfer (Ef R/T) and a vibrational-to-rotational/translational
energy transfer (Vf R/T) between the vibronically excitedn-
or i-butyraldehyde and nitrogen could occur. In the case of the
photolysis of several Torr ofn- or i-butyraldehyde, an efficient
electronic-to-vibrational energy transfer (Ef V) and a resonant
vibrational-to-vibrational energy transfer (Vf V) between the
excited- and the ground-state aldehyde might occur. Therefore,
there would not necessarily be a contradiction between the

Figure 4. HCO quantum yields as a function ofi-C3H7CHO pressure
at the 285-nm (upper panel) and 325-nm (lower panel) photolysis
wavelengths: (b) uncorrected yields; (0) yields that have been
corrected for the HCO+ HCO, HCO+ i-C3H7, and HCO+ i-C3H7-
CHO reactions at 15µs.

1/æHCO) 1/æ0
HCO + (kQ

i-C3H7CHO/kD
i-C3H7CHO)[i-C3H7CHO]

Figure 5. Stern-Volmer plot of the reciprocal HCO quantum yields
as a function ofi-C3H7CHO concentration at the 325-nm photolysis
wavelength: (b) experimental data; (s) fit of the data to the Stern-
Volmer expression.
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observation of pressure quenching byn-butyraldehyde and
i-butyraldehyde at several Torr and the absence of pressure
quenching by nitrogen at pressures up to 400 Torr. The-zero
pressure HCO quantum yields were set equal to those obtained
from the photolysis ofn-butyraldehyde andi-butyraldehyde at
760 Torr of nitrogen.

Förgeteg and co-workers13 investigated the photolysis of
n-butyraldehyde at 313 nm by analyzing the yields of 20 end-
products from the photodissociation process. The primary
photolysis pathways were found to ben-C3H7CHO + hν f
n-C3H7 + HCO (æ ) 0.34) andn-C3H7CHO + hν f C2H4 +
CH3CHO (æ ) 0.17). The zero-pressure HCO yield (0.80) at
313 nm obtained from the present work is 2.4 times that obtained
by Förgeteg and co-workers. Because the previous work is an
indirect study conducted at ann-butyraldehyde pressure of 100
Torr, it is subject to more uncertainty. Tadic and co-workers14

recently characterized the photooxidation ofn-butyraldehyde
in air by combining UV lamp photolysis with FTIR. Products
observed include CO, ethene, vinyl alcohol, and acetaldehyde.
The yield of the radical channel or Norrish II channel was
derived from the ratio of the amount of CO or ethene formed
to the amount ofn-butyraldehyde consumed. The relative yield
of the radical channel versus the Norrish II channel was 68%:
32%. The average total photolysis quantum yield from 275-
380 nm was 0.48 in 100 Torr of air and 0.38 in 700 Torr of air.
Both the HCO+ C3H7 channel and the CO+ C3H8 channel
lead to the formation of CO whenn-butyraldehyde is photolyzed

in air. The relative contribution of the HCO+ C3H7 channel
versus that of the CO+ C3H8 channel was not reported from
the previous work. As a result, a direct comparison with our
HCO yield is not possible. Our HCO yield that was averaged
over the 280-330-nm range is 0.50. We did not observe any
dependence of the HCO yield on nitrogen buffer gas pressure
in the 8-400-Torr range.

Desai and co-workers15 studied the photolysis ofi-butyral-
dehyde in oxygen at several incident wavelengths. The quantum
yields for thei-C3H7CHO+ hν f i-C3H7 + HCO channel were
deduced from the difference in the quantum yields of CO and
C3H8. Their HCO yields in 1 atm of air were 0.20, 0.45, 0.55,
0.88, 0.88, and 0.69 at 253.7, 280.3, 302.2, 312.8, 326.1, and
334.1 nm, respectively. These data are listed in Table 4 and
are compared with our data in Figure 7. As seen from the Figure,
there is a good agreement between our HCO yields and those
obtained by Desai and co-workers15 at 312.8 and 326.1 nm.
The HCO yields obtained previously were 29% higher than our
value at 280.3 nm and 43% lower than our value at 302.2 nm.
The HCO yield at 302.2 nm obtained by Desai and co-workers15

seems to deviate from the curve defined by their other data
points. The reason for this discord is unclear.

Comparison with the Photolysis of Other Aldehydes.The
photodissociation ofn-butyraldehyde is compared with the
photodissociation ofn-pentanal andi-pentanal.11,12 Shown in
Figure 8 are the HCO quantum yields as a function of
wavelength from the photolysis ofn-butyraldehyde,n-pentanal,
andi-pentanal. The shape of the HCO yields versus wavelength
curve is similar for all three aldehydes. However, the peak
radical yields are very different. The peak radical yields from
the photolysis ofn-butyraldehyde,n-pentanal, andi-pentanal
are 0.84( 0.04, 0.20( 0.06, and 0.40( 0.08, respectively.

TABLE 3: Values of æ0
HCO and kQ/kD from the Photolysis of n-Butyraldehyde and i-Butyraldehyde

λ (nm)
æ0

HCO

(n-butyraldehyde)

kQ/kD

(n-butyraldehyde)
(10-18 cm3/molecule)

æ0
HCO

(i-butyraldehyde)

kQ/kD

(i-butyraldehyde)
(10-18 cm3/molecule)

280 0.22( 0.02a 0 0.31( 0.04 0
285 0.24( 0.02 0 0.50( 0.07 0
290 0.28( 0.04 0 0.71( 0.04 0
295 0.30( 0.04 0 0.91( 0.04 0
300 0.31( 0.04 0 1.00( 0.14 0
305 0.52( 0.05 0 0.92( 0.08 0
310 0.74( 0.08 0.87( 0.54 1.06( 0.07 0.86( 0.31
315 0.84( 0.04 1.2( 0.5 1.06( 0.13 1.2( 0.7
320 0.77( 0.08 2.0( 1.2 1.10( 0.10 1.4( 0.5
325 0.74( 0.06 2.1( 0.6 1.10( 0.10 1.9( 0.5
330 0.59( 0.10 2.6( 1.7 0.94( 0.06 2.0( 0.6

a Uncertainty (1σ) represents experimental scatter.

Figure 6. Zero-pressure HCO quantum yields as a function of
photodissociation wavelength: (0) n-butyraldehyde; (b) i-butyralde-
hyde.

TABLE 4: Values of æHCO from the Photolysis of
i-Butyraldehyde

λ (nm) æHCO
a λ (nm) æHCO

b

253.7 0.20 280 0.31( 0.04c

280.3 0.45 285 0.50( 0.07
302.2 0.55 290 0.71( 0.04
312.8 0.88 295 0.91( 0.04
326.1 0.88 300 1.00( 0.14
334.1 0.69 305 0.92( 0.08

310 1.06( 0.07
315 1.06( 0.13
320 1.10( 0.10
325 1.10( 0.10
330 0.94( 0.06

a HCO quantum yields in 1 atm of air by Desai and co-workers.15

b HCO quantum yields in 1 atm of nitrogen from this work.c Uncer-
tainty (1σ) represents experimental scatter.
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The difference in the peak radical yields can be attributed to
the difference in the extent of the Norrish II channel from the
photolysis of these three aldehydes. A comparison of the radical
yields from the photolysis ofn-butyraldehyde andn-pentanal
seems to indicate that the yields of the Norrish II channel
increase with carbon chain length.

Figure 9 shows radical yields as a function of wavelength
from the photolysis ofi-butyraldehyde, along with our earlier
results from the photolysis of propionaldehyde10 and t-penta-
nal.12 The peak radical yields from the photolysis of all three
aldehydes are approximately unity. However, the decay of
radical yields with decreasing wavelength is faster for t-pentanal
andi-butyraldehyde than for propionaldehyde. Radical products
have been postulated to result from dissociation at the excited
triplet surface.32 The formation of alkane+ CO has been
correlated with dissociation at an excited singlet surface, and
this channel opens up only at higher photon energies. The

difference in the falloff behavior at shorter photodissociation
wavelengths may reflect difference in the excited states’ singlet-
triplet surface crossing of molecules.

End-Product Studies.n-Butyraldehyde andi-butyraldehyde
were photolyzed in a closed cell at 290, 310, and 330 nm. The
photolysis end-products were analyzed by a residual gas analyzer
mass spectrometer connected to the cell.n-Butyraldehyde and
i-butyraldehyde pressures of 4 Torr each were used in the
experiments. The mass spectra peak intensity atm/e ) 28
increased after the photolysis ofn-butyraldehyde andi-butyral-
dehyde, which would correlate with photodissociation products
such as HCO, C2H4, and CO. The product quantum yields at
m/e ) 28 result from the sum of the yields of radical-formation
(HCO + C3H7), Norrish II (C2H4 + CH3CHO), and molecular-
elimination (C3H8 + CO, available at short wavelengths)
channels. Fori-butyraldehyde photolysis at 310 and 330 nm,
only the radical-formation channel is available, and its yield is
equal toæm/e)28. Forn-butyraldehyde photolysis at 310 and 330
nm, both the radical-formation and the Norrish II channels are
available, and the product yields atm/e ) 28 result from the
sum of the yields of these two channels. By subtraction of the
yields of the radical-formation channel at 290, 310, and 330
nm, the yields of the Norrish II channel fromn-butyraldehyde
photolysis were estimated; they are 55, 52, and 56% at 290,
310, and 330 nm, respectively. The Norrish II yield at 290 nm
may include some contribution from the C3H8 + CO channel
because this channel opens up at shorter photolysis wavelengths.

To examine the effect of oxygen pressure on the yields of
photolysis end-products, we conducted end-product studies by
using oxygen at various pressures as the carrier gas, and then
we determined its effect on the yield ofm/e ) 28 components
(CO and C2H4 detection forn-butyraldehyde; CO detection for
i-butyraldehyde) after photolysis ofn-butyraldehyde andi-
butyraldehyde. The experiment was not successful because of
the large CO background resulting from ion-molecule reactions
in the ionization region of the mass spectrometer into which an
unphotolyzed butyraldehyde/O2 mixture was introduced. We
also attempted to monitor acetaldehyde yield (m/e ) 44) from
the photolysis ofn-butyraldehyde as a function of oxygen
pressure. Because the mass spectrum ofn-butyraldehyde has a

Figure 7. HCO quantum yields from the photolysis ofi-butyralde-
hyde: (b) HCO yields in 1 atm of nitrogen from this work; ()) HCO
yields in 1 atm of air from Desai and co-workers.15

Figure 8. Wavelength dependence of the HCO quantum yields from
the photolysis ofn-butyraldehyde,n-pentanal, andi-pentanal: (b)
n-butyraldehyde from this work; (9) n-pentanal;11 (3) i-pentanal.12

Figure 9. Wavelength dependence of the HCO quantum yields from
the photolysis of propionaldehyde,i-butyraldehyde, andt-pentanal. (b)
propionaldehyde;10 ()) i-butyraldehyde from this work; (1) t-pentanal.12
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strong fragment peak at mass 44, it was hard to separate by
mass the acetaldehyde that is formed from the photolysis from
the parentn-butyraldehyde. With GC-MS, it would be possible
to separate the mass spectra of the parent molecule and its
secondary product. However, we do not have this capability.

Photodissociation Rate Constants to Form HCO Radicals
in the Atmosphere. The atmospheric photodissociation rate
constants (krad) for HCO production (or production of HO2 in
the presence of air) from the photolysis ofn-butyraldehyde and
i-butyraldehyde were calculated from the actinic solar flux (J(λ))
reported by Demerjian and co-workers,33 the absorption cross
sections ofn-butyraldehyde andi-butyraldehyde (σ(λ)), and the
HCO radical yield at 760 Torr of nitrogen (æ(rad,λ)) using the
relationship

Radical-formation rate constants from the photodissociation of
n-butyraldehyde andi-butyraldehyde were computed as a
function of the zenith angle under cloudless conditions at sea
level and for best-estimate albedo (5% in the 290-400 nm
region34); the results are shown in Figure 10. Our estimated
radical-formation rate constants for zenith angles in the 30-
60° range are 3.5× 10-5 to 1.5×10-5 s-1 for n-butyraldehyde
and 5.6× 10-5 to 2.4 × 10-5 s-1 for i-butyraldehyde. Desai
and co-workers15 reported radical-formation rate constants of
7.6 × 10-5 s-1 and 5.9× 10-5 s-1 from the photolysis of
i-butyraldehyde at zenith angles of 30° and 58.18°. Their radical-
formation rate constants were calculated using old flux data,35

which differ by a factor of 2 at certain wavelength intervals
from the flux data reported in ref 33. Although the Norrish II
process does not lead to the production of radicals, it can be a
source of acetaldehyde in the atmosphere, and it affects the
photolysis lifetime ofn-butyraldehyde. By assuming a photolysis
quantum yield of unity in the actinic UV region forn-
butyraldehyde andi-butyraldehyde. The corresponding atmo-
spheric photodissociation lifetimes ofn-butyraldehyde and
i-butyraldehyde are on the order of 4.9-13.7 h and 4.1-11.2 h
for zenith angles from 0-60°. Literature rate constants1,3,5,36-38

for OH radical reactions withn-butyraldehyde andi-butyral-
dehyde are on the order of 2.4× 10-11 and 2.6× 10-11 cm3

molecule-1 s-1, which correspond to OH radical reaction

lifetimes of 11.6 h and 10.7 h for a globally averaged OH radical
concentration of 106 molecules cm-3. Thus, both photolysis and
OH radical reactions are important in removingn-butyraldehyde
and i-butyraldehyde from the atmosphere.
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Figure 10. Atmospheric photodissociation rate constants for the
formation of radicals as a function of zenith angle at 760 Torr of
nitrogen: (0) n-butyraldehyde; (b) i-butyraldehyde.
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