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Abstract

Relative rate-studies of the reactions of 1-butoxy radicals have been carried out using a 47 L static reactor with detection of end products by
FT-IR spectroscopy. Experiments were performed at 700 torr total pressure and over the temperature range 253–295 K. The chemistry of 1-butoxy
is characterized by a competition between reaction with oxygen CH3CH2CH2CH2O• + O2 → n-C3H7CHO + HO2 (R2), which yields butanal and
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somerization CH3CH2CH2CH2O• → •CH2CH2CH2CH2OH (R3), to form a hydroxylated carbonyl-product. A reference spectrum attribu
he product of 1-butoxy isomerization was obtained and used to determine the competition between 1-butoxy isomerization versus re
xygen. The results indicate that isomerization is the dominant fate of 1-butoxy radicals at ambient temperature and pressure and that ite
ecreases with decreasing temperature. The rate-coefficient ratiok3/k2 (molecule cm−3) = 5.5× 1023 exp[(−25.1± 0.9 kJmol−1)/RT] was obtained
his agrees with other estimates based on methods without monitoring of the isomerization product.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Alkoxy radicals (RO) play an important role in the atmo-
pheric degradation of volatile organic compounds (VOC)
1]. Under tropospheric conditions, they exhibit three main
odes of reaction: (i) reaction with oxygen; (ii) decomposition;

iii) isomerization [1–5]. These three reaction pathways are
llustrated in Scheme 1for the 1-butoxy radical. The com-
etition between (i) and (iii) determines the products formed

rom the photo-oxidation of a given VOC and has important
mplications in terms of ozone, smog and aerosol generation.
enerally, the structure of an alkoxy radical determines which

eactions are favoured under given conditions of temperature
nd pressure. For example, reaction with oxygen, which yields
carbonyl-compound and HO2, proceeds via abstraction of

� This paper is a late submission to the special issue ofJournal of Photochem-
stry and Photobiology, A: Chemistry (volume 176, issues 1–3, 14 December
005), which is dedicated to the honour of Professor R.P. Wayne.
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an�-hydrogen and is available only to primary and secon
radicals. The rate of decomposition by C–C scission can
over several orders of magnitude and typically increases
increasing substitution of the�- or �-carbon. Isomerization
in which the O radical centre abstracts a H-atom in pos
four or five relative to the C–O group, proceeds via forma
of a 6- or 7-membered transition state and requires a str
chain of at least four carbons. The importance of isomeriz
increases with the length of the carbon chain and can b
dominant fate for alkoxy radicals≥C6 [6,7].

The main challenge to the study of the isomerization of alk
radicals lies in the detection and quantification of the high mo
ular weight multifunctional carbonyl-products of this react
Recently, two different methods have been employed: der
zation of the carbonyl-group with analysis by chromatogra
[8–11] and in situ atmospheric pressure ionization mass s
trometry (APIMS) analysis of the protonated molecular
[M + H] +, the fragment ion [M + H− H2O]+ and as the NO2−
adduct[6,7,12]. An alternative approach is to detect the pr
ucts of isomerization by fourier transform infrared spectrosc
(FT-IR). This method was employed by Niki et al.[13] who
010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.11.001
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Scheme 1.

identified features in the residual spectrum of the photolysis of
1-butylnitrite/N2/O2 mixtures that were attributed to the product
of 1-butoxy isomerization. 1-butoxy is the simplest radical that
can undergo isomerization and is a useful model for the isomer-
ization of larger alkoxy radicals. In the majority of published
studies, the competition between isomerization and reaction
with oxygen for 1-butoxy has been estimated from measure-
ments of the yields of butanal, the product of the reaction with
O2, as a function of oxygen pressure[13–17]. The present study
was undertaken to extend the work of Niki et al.[13] and to
determine a reference spectrum for the product of 1-butoxy iso-
merization by FT-IR spectroscopy so as to obtain a more direct
determination of the relative rate-coefficient for isomerization
versus reaction with oxygen for this radical.

2. Experimental

All experiments were conducted in a 2-m long, 47-L
stainless steel chamber, interfaced to a BOMEM DA3.01
fourier transform infrared spectrometer[18]. The chamber is
equipped with Hanst-type multipass optics which provided an
IR analysis beam path length of 32.6 m. Chilled ethanol (from
a NESLAB Model EX-250HT cooler) was circulated around
the cell to control the temperature, which was varied over the
range (253–295 K) and was monitored by eight thermocouples
a
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Fig. 1. Residual spectrum from the photolysis of 1-butylnitrite/NO/O2/N2 mix-
tures in 11 Torr oxygen, 700 Torr total pressure at 295 K.

Concentrations of reactants and products were determined by
spectral subtraction of reference spectra, which were recorded
in the presence of 700 Torr of nitrogen. A reference spectrum
for 4-hydroxybutanal (Fig. 1) was obtained from the residual
spectrum from the photolysis of 1-butylnitrite and NO mix-
tures in 2% oxygen at a total pressure of 700 Torr made up with
nitrogen. Under these conditions, the branching ratio for the iso-
merization reaction,k3/(k2 + k3), is predicted to be≥95%[2,3].
The concentration of 4-hydroxybutanal was determined from a
mass balance with an overall estimated error of±20%, mainly
due to uncertainties in the quantification of�[1-butylnitrite]
and �[4-hydroxybutylnitrate], the major expected side prod-
uct in the conversion of the CH2CH2CH2CH2OH radical to
4-hydroxybutanal. The spectrum inFig. 1 is very similar to
the product spectrum reported by Niki et al.[13]. Two sharp
features at 979 and 1074 cm−1, which correspond to a C-OH
stretching band (1000–1100 cm−1) and a few broad bands were
observed. In particular, a carbonyl-type absorption band near
1740 cm−1 was present. The two bands at 850 and 1280 cm−1

are characteristic of nitrates, the feature at 1264 cm−1 is that
of HONO and the absorption centred at 1798 cm−1 was due
to an NOCl impurity present in the chamber. NO2 and 1-
butylnitrite absorb strongly in the region 1500–1700 cm−1

and no spectral information was obtained in this region. The
residual spectrum ofFig. 1 was tested against the product
spectrum from the photo-oxidation of cyclopentane, which
y e
(
N
N riod
o K).
A and
1 to
t an-
t

1-
b
C the
l the
p al
(
a a
long the length of the cell.
All experiments involved the photolysis of mixtur

f: 1-butylnitrite, ((1.6± 0.1)× 1015 molecule cm−3); NO,
(7.4± 0.7)× 1014 molecule cm−3); O2 (10–600 Torr); N2
100–700 Torr) at a total pressure of (700± 10) Torr. Minor com
onents of the gas mixtures were flushed into the cell wit2

rom smaller calibrated volumes, which were part of a s
ard greaseless vacuum system. A cw Xe-arc lamp, fil
ith a Corning 7–54 filter to provide radiation in the near

350± 50 nm), was used for photolysis of the gas mixtures
he temporal profiles of starting material and oxidation prod
ere monitored by FT-IR spectroscopy. Spectra were reco
t intervals of 5 min over the range 800–3000 cm−1 at a spectra
esolution of 1 cm−1 and were obtained from the co-addit
f 200 scans. Mixtures were irradiated for 25–30 min and
hotolytic intensity corresponded to an observed decay f
utylnitrite of (1.0± 0.2)× 10−4 s−1.
d

-

ields 4-hydroxybutanal[19,20]. Mixtures of cyclopentan
2.1× 1015 molecule cm−3), Cl2 (1.4× 1015 molecule cm−3),
O (7.4× 1014 molecule cm−3) and 11 Torr O2 in 700 Torr
2 were photolyzed in the FT-IR chamber over a pe
f 20–30 min at two different temperatures (271 and 340

band comprising two IR spectral features at 979
074 cm−1 showed similar relative intensity and contours

hose observed inFig. 1 hence this region was used to qu
ify 4-hydroxybutanal.

1-Butylnitrite was synthesized by the reaction of
utanol with nitrous acid. Peroxy-n-butyrylnitrate, PnBN, (n-
3H7C(O)OONO2) was prepared in ppm concentrations in

ong path cell by the Cl-initiated oxidation of butanal in
resence of NO2. Irradiation of a mixture containing butan
4.4× 1014 molecule cm−3), NO (4.4× 1014 molecule cm−3)
nd Cl2 (1.4× 1015 molecule cm−3), in 700 Torr air over
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period of 12 min resulted in 75% conversion of butanal ton-
C3H7C(O)OONO2. Other chemicals were obtained commer-
cially: butanal Aldrich, 99%; 1-butylnitrate Aldrich, >95%; NO
99%, Linde; O2 99.99%, U.S. Welding, UHP; N2, boil-off from
LN2 dewar, U.S. Welding.

3. Results and discussion

Following the irradiation of 1-butylnitrite/NO/O2/N2 mix-
tures, the main reactions that are expected to take place are as
follows:

CH3CH2CH2CH2ONO+ hν

→ CH3CH2CH2CH2(O•) + NO (1)

CH3CH2CH2CH2(O•) + O2 → n-C3H7CHO + HO2 (2)

CH3CH2CH2CH2(O•) → •CH2CH2CH2CH2OH (3)

•CH2CH2CH2CH2OH + O2 → CH2(O2
•)CH2CH2CH2OH

(4)

CH2(O2
•)CH2CH2CH2OH + NO

→ CH2(O•)CH2CH2CH2OH + NO2 (5a)
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Fig. 2. IR spectra acquired before (A) and after (B) 30 min irradiation of mix-
tures of 1-butylnitrite/NO/O2/N2 at 271 K. (C) is the residual spectrum after
subtraction of the starting material.

oxygen concentration and decreasing temperature. The oppo-
site trend was observed for 4-hydroxybutanal.Figs. 3 and 4
show the yield at 295 K of butanal and 4-hydroxybutanal
respectively plotted as a function of�[CH3CH2CH2CH2ONO]
for different oxygen concentrations. The relative intensity
distribution among the various absorption features attributed to
4-hydroxybutanal was found to be dependent on temperature
and oxygen concentration. It is possible that, under our experi-
mental conditions, some of the 4-hydroxybutanal isomerized to
form 2-hydroxytetrahydrofuran, with subsequent conversion to

F oss of
1 r
a

H2(O2
•)CH2CH2CH2OH + NO

→ CH2(ONO2)CH2CH2CH2OH (5b)

H2(O•)CH2CH2CH2OH → CH2(OH)CH2CH2(C•)HOH

(6)

H2(OH)CH2CH2(C•)HOH + O2

→ CH2(OH)CH2CH2CHO + HO2 (7)

H3CH2CH2CH2(O•) + NO2 → CH3CH2CH2CH2ONO2

(8)

Decomposition of 1-butoxy, although possible, is too slo
ompete and is believed to be negligible under our experim
onditions[5]. The main products observed included buta
-hydroxybutanal and nitrate compounds. Small amoun
eroxy n-butyrylnitrate (PnBN), formaldehyde, formic ac
O and CO2 were also measured and NO2, HONO, HNO3
ere detected, but not quantified. At 295 K, (90± 15)% of the

eacted 1-butylnitrite could be accounted for in all the exp
ents. At 253 K, the lowest temperature studied, this frac
as smaller, (70± 10)%, possibly due to wall losses of co
ounds of lower volatility and to the formation of small amou
f peroxynitrates. InFig. 2 typical FT-IR spectra of mixture
f 1-butylnitrite/NO/O2/N2 in 700 Torr total pressure befo
nd after 30 min irradiation are shown in A and B. Spect

is the residual spectrum resulting from the subtractio
from B.
Butanal was quantified by virtue of its absorption b

entered at 2712 cm−1 in yields that increased with increasi
ig. 3. Plots of the observed butanal concentration as a function of the l
-butylnitrite in the photolysis of 1-butylnitrite/NO/O2/N2 mixtures at 700 Tor
nd 295 K.
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Fig. 4. Plots of 4-Hydroxybutanal concentration as a function of the loss of
1-butylnitrite in the photolysis of 1-butylnitrite/NO/O2/N2 mixtures at 700 Torr
and 295 K.

4,5-dihydrofuran, via loss of a water molecule:

The cyclization of 1,4- and 1,5-hydroxycarbonyls to hemi-
acetals has been studied in the liquid phase and it is known to
be catalyzed by the presence of traces of a strong acid[21]. The
extent of cyclization of 1,4-hydroxycarbonyls in the gas phase is
a function of relative humidity: Martin et al.[22] have recently
shown that in dry N2 5-hydroxy-2-pentanone cyclizes rapidly,
with a first-order rate-constant of 2.5× 10−4 s−1, to form 4,5-
dihydro-2-methylfuran, but that the process reverses in air at
5% relative humidity at 298 K. Evidence for the cyclization
of 1,4-hydroxycarbonyls has been observed in other studies:
Zabel and co-workers[23], who studied the reactions of 1-
butoxy with an environmental chamber coupled to an FT-IR,
identified 2-hydroxytetrahydrofuran as one of the products of 1-
butoxy isomerization from a residual spectrum similar to the
one we observed (Fig. 1) and Eberhard et al.[8] observed
both 5-hydroxyhexan-2-one and 2,3-dihydro-2,5-dimethylfuran
from a study of the reactions of 2-hexoxy radicals. Although
the compound we quantified might be a mixture of tautomers
the product of 1-butoxy isomerization is referred to, for conve-
nience, as 4-hydroxybutanal in the remaining part of this paper
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Scheme 2.

Formaldehyde was identified from its absorption features at
1745 cm−1 and was observed in yields that varied with tem-
perature (from∼7% at 295 K to∼2% at 253 K), but were inde-
pendent of oxygen concentration. Formic acid, which absorbs at
1776 cm−1, was observed in small yields in all product spectra
with concentrations that decreased with increasing oxygen par-
tial pressure and decreasing temperature. For example, at 295 K,
formic acid yields varied from∼5% in the presence of 11 Torr of
oxygen to≤2% at 600 Torr of O2. At 253 K, HCOOH was mea-
sured in yields of≤2.5% at 15 Torr of oxygen and <1% at higher
oxygen concentrations. Two possible sources were identified for
HCOOH. One was the reaction of HCHO with HO2:

HCHO+ HO2 � HOCH2OO (11)

HOCH2OO + NO → HOCH2O + NO2 (12)

HOCH2O + O2 → HCOOH + HO2 (13)

However, this source would be expected to be more important
at low temperature, contrary to what is observed. The sec-
ond source involved the chemistry occurring after isomerization
of the 1-butoxy radical (Scheme 2) as there is evidence that
formic acid might be formed from the reaction of R-CHOH
radicals (where R is an organic fragment) with O2 [19]. Since,
the source is unknown, no corrections were made to the yield
of 4-hydroxybutanal for the HCOOH observed, introducing a
p

e
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w

H

H

a
r ce of
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O

O

O
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n

The small amounts of HCHO, HCOOH, CO, CO2 are prob
bly the result of secondary chemistry involving the OH rad
generated from the reaction of HO2 with NO following reac-
ions(2) and(7)). HCHO, for example, can be formed from
eaction of OH with 1-butylnitrite:

H3CH2CH2CH2ONO+ OH
O2,NO−→ CH3CH2CH(O•)CH2ONO+ H2O (9)

H3CH2CH(O•)CH2ONO

→ CH3CH2CHO + HCHO + NO (10)
,

.

otential maximum error of∼5%, but probably much less.
CO (2132 cm−1) and CO2 (2350 cm−1) were present in trac

mounts of∼5% each. CO is a product of the reaction of HC
ith OH:

CHO + OH → HCO + H2O (14)

CO + O2 → CO + HO2 (15)

Hydroxyl radicals are scavenged by NO and NO2 and the IR
bsorptions of HONO and HNO3 at 1263 cm−1 and 1325 cm−1,
espectively, provided supportive evidence for the presen
H radicals:

H + NO + M → HONO + M (16)

H + NO2 + M → HNO3 + M (17)

H also reacts with butanal to form peroxy-n-butyrylnitrate or
O2, from the NO reaction:

-C3H7CHO + OH → n-C3H7C(•)O + H2O (18)

-C3H7C(•)O + O2 → n-C3H7C(O)O2(•) (19)
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n-C3H7C(O)O2(•) + NO2 � n-C3H7C(O)O2NO2 (20)

n-C3H7C(O)O2(•) + NO → n-C3H7 + CO2 + NO2 (21)

The yield ofn-C3H7C(O)O2NO2 increased with increasing
oxygen mixing ratios and extent of reaction with yields of typ-
ically ∼6% in the presence of a fractional concentrations of
oxygen >50%. At low temperatures and low oxygen mixing
ratios, the yield of PnBN was negligible. To account for this sec-
ondary loss, the yields of butanal were corrected for the small
amounts ofn-C3H7C(O)O2NO2 detected.

Absorption bands characteristic of nitrates at 850 and
1280 cm−1 were observed and the overall nitrate yield was quan-
tified by assuming a peak absorption cross section at 1280 cm−1

of 1.8× 10−18 cm2 molecule−1, by analogy to methyl nitrate,
with an estimated error of 10%. Alkyl nitrates could be gen-
erated from the reaction of NO with 4-hydroxy-n-butylperoxy
radicals formed after the isomerization of 1-butoxy radicals:

CH2(O2
•)CH2CH2CH2OH + NO

→ CH2(ONO2)CH2CH2CH2OH

and from the reaction of 1-butoxy radicals with NO2:

CH3CH2CH2CH2(O•) + NO2 → CH3CH2CH2CH2ONO2

Since, isomerization of CH2(O•)CH2CH2CH2OH is thought
t
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Fig. 5. Plots of�[4-Hydroxybutanal]/�[butanal] versus [O2]−1 following the
irradiation of 1-butylnitrite/NO/O2/N2 mixtures as a function of temperature at
700 Torr total pressure.

uncertainty of a factor of 2 in their product yields). No significant
temperature-dependence fork5b/k5 was observed.

The yields of 4-hydroxybutanal were corrected for the esti-
mated yield of 4-hydroxybutylnitrate and used to calculate the
relative rate-ratio,k3/k2 using the following equation:

�[4 − Hydroxybutanal]

�[Butanal]
= k3

k2

1

[O2]
(i)

In Fig. 5 plots of �[4-Hydroxybutanal]/�[Butanal] versus
[O2]−1 are shown for the four temperatures studied and the rate-
constant ratios derived from the slopes of these plots – which
were all linear as required by Eq.(i) – are listed inTable 1. Small
intercepts of, typically, (0.2± 0.5) were observed.

Chemical activation can be important in the chemistry of
alkoxy radicals formed from the photolysis (λ∼250 nm) of alkyl
nitrite precursors[25,26], resulting in intercepts significantly
larger than those predicted by equations equivalent to(i). As
pointed out by Wallington et al.[27], we expect an excess
energy of the order of 30–40 kJ mol−1 to be deposited into
the alkoxy radical fragment under our experimental conditions,
which is comparable to the isomerization barrier for 1-butoxy
[2,17] (although it still falls below the barrier to decomposi-
tion [2,28,29]). Based on the intercepts ofFig. 5, however, we
observed no evidence for prompt isomerization in this study. It
seems therefore that any hot alkoxy radicals, if formed, were
q the
r am-
b xy
r ilar

T
T

k

o be much faster than 1-butoxy[3], it is unlikely that nitrate
ormation could be due to reaction of this radical with N2.
ormation of 1-butylnitrate in reaction(8) would reduce th
mount of 1-butoxy radical available for reaction with oxy
nd isomerization, but would not affect the relative yield
utanal and of 4-hydroxybutanal or the data analysis fo
elative rate-constant ratiok3/k2. In contrast, the formation of 4
ydroxybutylnitrate from reaction(5b) would reduce the yiel
f 4-hydroxybutanal making it necessary to account for
roduct in the analysis. Subtraction of the reference spec

or 1-butylnitrate showed that the absorption feature centr
280 cm−1 was composed of more than one band, indica

he presence of different types of organic nitrates. Yields
ound to be dependent on the extent of reaction, especia
ow temperatures and low oxygen partial pressure. The app
itrate yield was also found to decrease with increasing [2].
ince NO2 is a secondary product in our system, an upper

o the yield of 4-hydroxybutylnitrate was calculated from
otal nitrate yield in the initial stages of an experiment, when
ontribution from reaction(8) was assumed to be much sma
elative to that from reaction(5b). We report an upper limit t
he fractional yield of 4-hydroxybutylnitrate from reaction(5a)
nd(5b), that isk5b/k5 of (0.10± 0.03) at 295 K and 700 To
hich can be compared with the value by Arey et al.[24] of 0.07

or the corresponding ratio for 2-hydroxypentylnitrate (with

able 1
emperature-dependence fork3/k2 for 1-butoxy radicals (errors quoted are 2σ)

(253± 2) K

3/k2 × 10−18 cm3 molecule−1 3.60± 0.46
uenched before they could react. This is consistent with
esults from previous work carried out in the laboratory in C
ridge[17], where the fraction of chemically activated 1-buto
adicals formed from the photolysis of 1-butylnitrite at sim

(271± 1) K (279± 1) K (295± 1) K

7.96± 1.54 11.1± 1.3 19.5± 4.1
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Table 2
Comparison with literature values ofk3/k2

k3/k2

(10−19 molecule cm−3)
T/K p/Torr Reference

1.6 303 740 Carter et al.[15]
1.5± 0.5 296± 2 760 Cox et al.[14]
1.9± 0.4 298± 2 700 Niki et al.[13]
1.8± 0.6 298 760 Geiger et al.[16]
2.1± 0.5 300± 1 760± 10 Cassanelli et al.[17]
1.8± 1.1 298± 1 760± 10 Cassanelli et al.[17]

wavelengths was calculated to be of the order of about 10% or
less. Hence, by neglecting any chemical activation effect, only a
small error well within the overall experimental uncertainty was
likely to be introduced.

The rate-coefficient ratio obtained at 295 K (1.5×
1019 molecule cm−3) is in good agreement with all pre-
vious evaluations ofk3/k2, which were derived from the
yield of butanal as a function of oxygen concentrations
at ambient temperature and pressure[13–17] (Table 2).
Our results are plotted in Arrhenius form inFig. 6 and
least-squares analysis yields the Arrhenius expression:k3/k2
(molecule cm−3) = 5.5× 1023 exp[(−25.1± 0.9 kJ mol−1)/RT].
This expression can be compared with a determination
for the temperature-dependence ofk3/k2 obtained in
the laboratories in Cambridge using a slow-flow sys-
tem coupled to a gas chromatograph with FID[17]:
1.98× 1023 exp[(−22.6± 3.9) kJ mol−1/RT] molecule cm−3.
The expressions agree within 20% over the range of temper
atures studied. The slightly steeper temperature-dependen
of the rate-coefficient ratiok3/k2 from the FT-IR exper-
iments might be due to a small fraction of the heavier
hydroxylated multifunctional compounds lost to the cham-
ber walls at the lower temperatures. This would lead to
an underestimate of the�[4-Hydroxybutanal]/�[Butanal]
ratio and thereforek3/k2 at these temperatures. It is also
of interest to compare our Arrhenius expression with the
r

who measured the temperature-dependence of reactions(2)
and (3) relative to reaction with NO. Their results, scaled
to the recommended value for (1− C4H9O + NO) [3], give
k3/k2 = 2.5× 1023 exp(−23.6 kJ mol−1/RT) cm3 molecule−1 s−1.
The results are also in substantial accord with the most recent
theoretical calculations of the activation energies for isomer-
ization[28,31–33].

4. Conclusions

The reactions of 1-butoxy radicals have been measured in a
temperature-regulated environmental chamber with detection
by FT-IR over a range of temperatures relevant to the atmo-
sphere. The two first-generation products from the reactions of
1-butoxy radicals are butanal (from the reaction with O2) and
4-hydroxybutanal (from its isomerization). The competition
between isomerization and reaction with oxygen was quantified
over the temperature-range 253–295 K at 700 Torr withk3/k2
(molecule cm−3) = 5.5× 1023 exp[(−25.1± 0.9 kJ mol−1)/RT].
The reaction rate-coefficientk3/k2 at 295 K agrees well with
values reported previously at ambient temperature and pressure
[13–17], providing confirmation of the less direct measurement
of this ratio. Isomerization is the main fate of 1-butoxy at
ambient temperature and pressure and it remains a competitive
channel at temperatures typical of the upper troposphere
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Fig. 6. Rate-coefficientk3/k2 plotted in Arrhenius form.
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200–230 K). 4-Hydroxybutanal, the product of the isom
zation of 1-butoxy, might be converted to its cyclic tautom
-hydroxytetrahydrofuran, which in turn could eliminate wa

o form 4,5-dihydrofuran. In the atmosphere, 4-hydroxybut
s removed by reaction with OH at an estimated rate-con
f 3.5× 10−11 molecule cm−3 at 298 K[34,35], leading to the

ormation of shorter chain hydroxylated aldehydes and d
onyls. However, the cyclization of 4-hydroxybutanal co
e an important route to the formation of highly substitu
xygenated C4 products, which maintain the carbon ch
ven subsequent to atmospheric degradation[1,22]. The highe
olubility and lower volatility of these multifunctional produ
akes these compounds more likely to take part in aqu
hase chemistry and may favour transfer to the aerosol ph

he low temperatures of the upper troposphere.

cknowledgements

The National Centre for Atmospheric Research is ope
y the University Corporation for Atmospheric Research, u

he sponsorship of the National Science Foundation. The w
CAR was partially supported by NASA’s Upper Atmosph
esearch Program. The research carried out in Cambridg
upported by the NERC and EU under the UTLS them
rogram and the UTOPIHAN-ACT project, respectively. P
cknowledges the NERC for a studentship.

eferences

[1] R. Atkinson, J. Arey, Chem. Rev. 103 (2003) 4605–4638.
[2] R. Atkinson, Int. J. Chem. Kinet. 29 (1997) 99–111.
[3] R. Atkinson, J. Phys. Chem. Ref. Data 26 (1997) 215–290.



P. Cassanelli et al. / Journal of Photochemistry and Photobiology A: Chemistry 177 (2006) 109–115 115

[4] P. Devolder, J. Photochem. Photobiol. A 157 (2003) 137–147.
[5] J.J. Orlando, G.S. Tyndall, T.J. Wallington, Chem. Rev. 103 (2003)

4657–4689.
[6] R. Atkinson, E.S.C. Kwok, J. Arey, S.M. Aschmann, Faraday Discuss.

100 (1995) 23–37.
[7] E.S.C. Kwok, J. Arey, R. Atkinson, J. Phys. Chem. 100 (1996) 214–

219.
[8] J. Eberhard, C. M̈uller, D.W. Stocker, J.A. Kerr, Environ. Sci. Technol.

29 (1995) 232–241.
[9] S.M. Aschmann, J. Arey, R. Atkinson, J. Atmos. Chem. 45 (2003)

289–299.
[10] J. Baker, J. Arey, R. Atkinson, Environ. Sci. Technol. 39 (2005)

4091–4099.
[11] F. Reisen, S.M. Aschmann, R. Atkinson, J. Arey, Environ. Sci. Technol.

39 (2005) 4447–4453.
[12] S.M. Aschmann, J. Arey, R. Atkinson, Environ. Sci. Technol. 36 (2002)

625–632.
[13] H. Niki, P.D. Maker, C.M. Savage, L.P. Breitenbach, J. Phys. Chem. 85

(1981) 2698–2700.
[14] R.A. Cox, K.F. Patrick, S.A. Chant, Environ. Sci. Technol. 15 (1981)

587–592.
[15] W.P.L. Carter, A.C. Lloyd, J.L. Sprung, J.N. Pitts Jr., Int. J. Chem. Kinet.

11 (1979) 45–101.
[16] H. Geiger, I. Barnes, K.H. Becker, B. Bohn, T. Brauers, B. Donner, H.P.

Dorn, M. Elend, C.M. Freitas Dinis, D. Grossmann, H. Hass, H. Hein,
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