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Chlorine initiated photooxidation of (CH3)3CC(O)H in the presence of
NO2 and photolysis at 254 nm. Synthesis and thermal stability of
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A B S T R A C T

Photooxidation of (CH3)3CCHO in the presence of NO2 leads to the formation of CO, CO2, (CH3)3CC(O)
OONO2 (DMPPN), and (CH3)3CONO2. The synthesis of DMPPN and thermal decomposition studies were
carried out. Pressure dependence was studied at 293 K from 6.0 to 1000 mbar. Kinetic parameters for
DMPPN were determined between 293 and 308 K, at total pressures of 9.0 and 1000 mbar. The values
found for the activation energy and pre-exponential factor were (109 � 3) kJ/mol, 1.7 � 1015 s�1, and
(117 � 3) kJ/mol, 5.2 � 1016 s�1 at these pressures, respectively. Thermal stability for DMPPN is similar to
peroxyacyl nitrates already identified in the atmosphere, such as peroxyacetyl and peroxypropionyl
nitrates. The quantum yield for photolysis at 254 nm of (CH3)3CCHO was determined to be 0.60 � 0.05.
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1. Introduction

Aldehydes are important trace constituents of the atmosphere.
They have natural and anthropogenic sources, with primary
sources that are associated with vehicle exhaust, industrial
activity, and secondary sources that are associated with the
oxidation of volatile organic precursors [1]. Chemical removal of
aldehydes from the troposphere can occur by gas phase reaction
with OH and NO3 radicals, Cl atoms or by photolysis.

A major loss process of aldehydes is the abstraction of the
aldehydic H atom, leading to carbonyl radicals RC(O)� [1] which, in
turn can be combined with O2, to form the corresponding
peroxyacyl radicals RC(O)OO�. In polluted atmospheres, they could
form stable peroxy acyl nitrates, RC(O)OONO2, which could add to
the pool of phytotoxic, mutagenic, and irritant compounds forming
the photochemical smog [2]. In laboratory studies, Cl atoms or
HO� radicals are often used to generate peroxy radicals. Traditional
HO� radical sources, such as H2O2 or HNO3 photolysis using UV
radiation (l < 300 nm) [3,4] can complicate the kinetic analysis.
Chlorine atoms are produced readily by the photolysis of Cl2 using
black lamps (l > 330 nm), where aldehyde photolysis is not a
significant problem [1].

Trimethyl acetaldehyde (2,2 dimethyl propionyl aldehyde,
(CH3)3CCHO, TMA) was studied by Le Crâne et al. [1]., who
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measured the rate constant with chlorine atoms and identified the
peroxynitrate that was formed, (CH3)3CC(O)OONO2, (2,2 dimethyl
propionyl peroxynitrate, DMPPN) in the presence of O2 and NO2. In
the present contribution, we went further in determining the
kinetic parameters of the thermal decomposition of DMPPN as a
function of pressure and temperature as well as its atmospheric
thermal lifetime. This is relevant to evaluate its role as a reservoir
species in the atmosphere [5,6] on account of the existence of
similar peroxyacyl nitrates like peroxyacetyl (PAN), peroxypro-
pionyl (PPN), and peroxybenzoyl (PBzN) nitrates [7,8].

On the other hand, photolysis is an important loss process that
leads to the degradation of TMA in the atmosphere. There are
several possible pathways for the photolytic rupture of TMA:

(CH3)3CCHO ! (CH3)3C� + HCO� (1a)

! (CH3)3CC(O)� + H� (1b)

! (CH3)3CH + CO (1c)

! CH3
� + (CH3)2C�C(O)H (1d)

The quantum yield of TMA for the HCO� radical formation has
been studied by Zhu et al. (1999) at wavelengths between 280 and
330 nm, obtaining values ranging from 0.18 to 0.92 [4]. This paper
presents the new determination of the quantum yield at 254 nm.
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Fig. 1. Identification of products in the photooxidation of TMA in the presence of
NO2. From top to bottom: before photolysis; after 16 min irradiation; products;
(CH3)3CC(O)OONO2 (experimental and calculated), (CH3)3CONO2 (idem). The last
trace corresponds to residuals (4�).
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2. Materials and methods

2.1. Synthesis and characterization of DMPPN

The reagents were manipulated in a glass vacuum line equipped
with two capacitance pressure gauges (0–760 Torr, MKS Baratron;
0–70 mbar, Bell and Howell). DMPPN was synthesized by the
photolysis of mixtures containing (CH3)3CCHO (7.0 mbar), Cl2
(2.5 mbar), NO2 (3.0 mbar), and O2 (1000 mbar) at 295 K in a 5 L
glass flask using black lamps (l > 330 nm) to initiate the oxidation
of TMA using chlorine atoms. The progress of the synthesis was
followed by infrared spectroscopy using a standard glass infrared
gas cell (23.0 cm path length), located in the optical path of an
IFS-28 FTIR spectrophotometer (resolution: 2 cm�1) which allowed
to monitor the temporal variation of reactants and products. The
resulting mixture was collected by passing it through three traps at
liquid–nitrogen temperature to remove oxygen excess. Subsequent
distillation from 193 to 153 K allowed the elimination of excess of
ClNO, HCl, and carbon dioxide formed. The remaining mixture
contained peroxynitrate, nitrate, and (CH3)3CCHO. Further
distillation from 223 to 193 K removes TMA and nitrate. The batch
containing the peroxynitrate had a residual of nitrate because of
the similarity of the vapor pressure curves. The quantity of the
impurity was less than 2% as measured by infrared spectroscopy
using as reference the spectrum of the pure nitrate.

The gas phase infrared spectra of both species were recorded at
room temperature in the range of 4000–400 cm�1, and the
absorption cross-sections were calculated according to the
following equation:

sðcm2molecule�1Þ ¼ Abs � TðKÞ � 31; 79 � 10�20

pðmbarÞ � lðcmÞ
where T is the temperature, p is the pressure and l is the optical
path. The pressures of DMPPN ranged from 1.0 to 6.0 mbar.

The infrared spectrum of DMPPN (main bands at 790, 1000,
1058, 1300, 1735, 1820 cm�1) is in good agreement with all the
bands reported by Jagiella et al., 2000 [9]. In addition,
density functional theory has been used to evaluate the
optimized geometries, vibrational frequencies, and intensities
using the Gaussian09 software package [10] in conjunction with
GaussView 5.0 [11]. The hybrid density functional B3LYP with
the 6-31++G(d,p) basis set was used in all calculations.

Thermal stability was determined by the addition of NO in the
temperature range between 293 and 308 K, at 9.0 and 1000 mbar
total pressure. At 293 K, the pressure dependence of the rate
constant was measured between 6.0 and 1000 mbar total pressure,
reached by adding the necessary amount of He. The temporal
variation of the infrared band at 1734 cm�1 corresponding to the
peroxynitrate was used to determine the rate constant.

The photooxidation mechanism of TMA in the presence of NO2

was corroborated by comparing the experimental temporal
evolution of reactants and products with a kinetic model
(KINTECUS) [12].

2.2. Photolysis and quantum yield of TMA at 254 nm

In order to determine the quantum yield of TMA, we previously
measured its UV absorption cross sections (s) using a standard UV
gas cell (optical path 10 cm) located on the optical axis of a UV–vis
spectrophotometer with a diode array detector. A calibration curve
was obtained for pressures ranging between 5.0 and 20.0 mbar.

Photolysis experiments were performed using a quartz cell with
an optical path of 23 cm and a low-pressure mercury lamp (15 W).
TMA was irradiated alone and in the presence of cyclohexane
(90 mbar) to trap the radicals formed so as to ensure that they did
not contribute to secondary reactions. Control experiments were
performed to check whether the aldehyde concentration changed
as a consequence of dark or heterogeneous reactions without
detecting any appreciable loss. The course of the reaction was
followed at 1750 cm�1 because no reaction products absorb this
frequency.

2.3. Reagents

Commercially available samples of trimethyl acetaldehyde,
cyclohexane (Sigma–Aldrich), CF3COCl (PCR Research Chemicals
Inc.), O2 (AGA), He (AGA) were used. Cl2 (>99%) was prepared by
dehydration of HCl and NO2 (>99%) that was obtained from thermal
decomposition of Pb(NO3)2.

3. Results and discussion

3.1. Photooxidation of TMA in the presence of NO2

The spectra obtained in the photooxidation of (CH3)3CCHO
before and 15 min after irradiation as well as their subtraction
showing the resulting products are depicted in Fig. 1. The trace
corresponding to the products (third trace from top to bottom)
reveals at a glance the formation of CO2 (2346 and 667 cm�1).
Further inspection reveals characteristic peaks of a peroxynitrate
(794, 1735 cm�1) and those of a nitrate (862, 1648 cm�1). Their
identities ((CH3)3CC(O)OONO2 and (CH3)3CONO2,t-butyl nitrate)
were positively addressed through their synthesis and successive
distillations as described above as well as all the calculations
carried out with the Gaussian Package. Furthermore, beyond the
good agreement between our experimental and theoretical
spectra, we had a remarkable coincidence with the spectrum
published by Jagiella et al. [9].

Table 1 lists the infrared absorption cross-sections at the main
peaks for DMPPN and its comparison with data for selected peroxy
acyl nitrates: PAN (CH3C(O)OONO2, peroxyacetyl nitrate), PPN
(CH3CH2C(O)OONO2, peroxypropionyl nitrate), PnBN (CH3(CH2)2C
(O)OONO2, peroxy-n-butyryl nitrate) [8].

The integrated band areas (cm molecule�1) at 293 K of the
principal absorption bands were determined as: 1.68 � 10�17 at
790 cm�1 (integration range 818–773) and 3.47 � 10�17 at



Table 1
Infrared absorption cross-sections for DMPPN and comparison with selected
peroxynitrates.

s � 1019 (cm2molecule�1)

Wavenumbers
(cm�1)

PAN PPN PnBN DMPPN Assignments

790 9.44
(0.09)

d(NO2)

794 9.5 (0.2)
796 9.04

(0.09)
5.40
(0.09)

1000 7.53
(0.08)

n(C—O)

1037 2.59
(0.05)

1044 2.70
(0.09)

1163 12.1
(0.3)

1735 23.8
(0.2)

nas(NO2)

1738 20.6
(0.2)

1741 23.9
(0.6)

14.5
(0.2)

1820 5.4 (0.5) n(C¼O)
1834 6.63

(0.06)
1835 5.97

(0.07)
1842 7.4 (0.3)

Fig. 2. Photooxidation of TMA in the presence of NO2. Temporal variation of
reactants and products: experimental (symbols), calculated-KINTECUS Model-
(lines).
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1735 cm�1 (integration range 1765–1711) for DMPPN; 1.43 � 10�17

at 862 cm�1 (integration range 879–836) and 2.45 �10�17 at
1648 cm�1 (integration range 1675–1615) for t-butyl nitrate. In
particular, the last value agrees with the average for organic
nitrates RONO2 (2.5 �10�17 cm molecule�1) informed in literature
[13,14].

Once identified and characterized by IR spectroscopy, both the
peroxynitrate and the nitrate, we proceeded to their quantification
as well as the determination of the mechanism photo-oxidation of
TMA.

The reaction mechanism postulated according to the products
observed and the kinetic analysis performed is shown in Scheme 1.
Reaction of chlorine atoms with (CH3)3CCHO initiates the
photooxidation leading to the formation of (CH3)3CCO� radicals,
as reported by other workers [1]. Acyl radicals could either
decompose, leading to the formation of CO and (CH3)3C� radicals,
Scheme 1. Reaction mechanism of photooxidation of TMA in the presence of NO2.
or react with O2, giving the peroxy radicals (CH3)3CC(O)OO�.
The formation of DMPPN is consistent with a relatively high
concentration of NO2 while the formation of t-butyl nitrate is a
consequence of both the loss of CO by the acyl radical following the
absorption of the photon and the slow thermal decomposition of
DMPPN.

Temporal variations of reactants and main products are
presented in Fig. 2 and the complete set of reactions used to
model the system is shown in Table 2. The listed rate constant
values were either taken from the literature, determined
experimentally in this work, or assumed for similar reactions,
when kinetic data were not available. As can be seen in Fig. 2, there
is a good agreement between experimental and calculated
(KINTECUS) data corroborating the proposed mechanism.

3.2. Thermal stability of DMPPN

The temperature dependence of the first-order rate constant
was measured at 10.0 mbar and temperatures ranging from 293 to
308 K. The decomposition was carried out by adding an excess of
NO in the system sufficient to titrate the peroxy radicals (Reaction
(3)) formed by the thermal decomposition (Reaction (2)):

CH3)3CC(O)OONO2! (CH3)3CC(O)OO� + NO2 (2)

CH3)3CC(O)OO� + NO ! (CH3)3CC(O)O� + NO2 (3)

while avoiding the occurrence of reaction (�2)

(CH3)3CC(O)OO� + NO2! (CH3)3CC(O)OONO2 (�2)

Owing to Reaction (3), the concentration of NO2 increases in the
system and, consequently, so does the velocity of reaction (�2).
Under these conditions, the rate constant for the disappearance of
peroxynitrate (kobs) does not quite reflect the value of k2 and,
therefore, it must be corrected by multiplying the factor {1 + k�2

[NO2]/k3 [NO]}. This correction has been extensively used [26–31]
and, in our system, led to a correction of less than 3% in kobs.

First-order decay plots following the disappearance of DMPPN
at 1735 cm�1 were obtained at different temperatures and
pressures. After linear fitting, rate constants were obtained.
Fig. 3 shows the pressure dependence of k2 between 6.0 and
1000 mbar at 293 K. There is no significant dependence of the
rate constant beyond 500 mbar. Nevertheless, our experimental



Table 2
Set of reactions used to fit the concentration profiles.

Rate constant values (k) Reaction Comments/Refs.

3.7 � 10�4 Cl2 + hn ! 2Cl Derived from experimental data
4.0 � 10�4 NO2 hn ! NO + O Derived from experimental data
1.0 � 10�11 O + NO2! NO + O2 [15]
1.1 �10�12 O + NO ! NO2 [23]
1.2 � 10�10 (CH3)3CCHO + Cl ! (CH3)3CC(O)� + HCl Varied from (0.9 � 1.5) � 10�10 [1]
1.2 � 10�12 (CH3)3CCHO + O ! (CH3)3CC(O)�+ �OH Similar to (CH3)2CHC(O)H + O [18,19]
2.7 � 10�11 (CH3)3CCHO + �OH ! (CH3)3CC(O)� + H2O [21]
3.2 � 10�12 (CH3)3CC(O)� + O2! (CH3)3CC(O)OO� [9]
4.3 � 105 (CH3)3CC(O)�! (CH3)3C� + CO Varied from (2.5 – 4.5) x 105 [16]
2.8 � 10�12 (CH3)3CC(O)OO�+ NO2! (CH3)3CC(O)OONO2 Similar to CH3C(O)OO + NO2 [17]
1.5 �10�4 (CH3)3CC(O)OONO2! (CH3)3CC(O)OO�+ NO2 This work
7.7 � 10�11 (CH3)3CC(O)OO�+ Cl�! (CH3)3CC(O)O� + ClO� Similar to CH3OO + Cl

[23]
3.0 � 10�11 (CH3)3CC(O)OO�+ NO ! (CH3)3CC(O)O� + NO2 [15]
1.45 �10�11 2 (CH3)3CC(O)OO�! 2 (CH3)3CC(O)O� + O2 [1]
1.0 � 109 (CH3)3CC(O)O�! (CH3)3C�+ CO2 Fast thermal decomposition [1]
3.5 �10�12 (CH3)3C�+ O2! (CH3)3COO� [16]
7.7 � 10�11 (CH3)3COO�+ Cl ! (CH3)3CO�+ ClO� [23]
4.3 � 10�12 (CH3)3COO�+ NO ! (CH3)3CO�+ NO2 [24]
2.09 � 10�13 (CH3)3COO�+ NO ! (CH3)3CONO2 [25]
1.43 � 10�11 2 (CH3)3COO�! 2 (CH3)3CO�+ O2 Varied from 1 to 2 � 10�11

[1,2]
2.5 �10�11 (CH3)3CO� + NO ! (CH3)3CONO [20]
3.50 � 10�11 (CH3)3CO� + NO2! (CH3)3CONO2 [22]
1.25 �10�11 (CH3)3CC(O)OO�+ (CH3)3COO�! (CH3)3CC(O)O� + (CH3)3CO� + O2 [2]
1.4 �103 (CH3)3CO�! CH3C(O)CH3 + CH3

� Varied from 800 to 2000
[1,20,9,22]

Units: Unimolecular reaction (s�1). Bimolecular reactions (cm3molecule�1 s�1).
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runs – used to derive the activation energy at high pressures –

were conducted at a total pressure of 1000 mbar, ensuring that the
kinetic studies were performed under the high-pressure regime.
The activation energy (Ea) and pre-exponential factor obtained at
9.0 and 1000 mbar were Ea = (109 � 3) kJ/mol, A = 1.7 � 1015; and
Ea = (117 � 3) kJ/mol, A = 5.2 �1016, respectively. As can be seen, Ea
decreases with the decrease in total pressure, in agreement with
unimolecular reaction rate theories.

The kinetic parameters obtained at 1 bar are similar to those
available in the bibliography for the most abundant peroxynitrates
detected in the atmosphere, PAN and PPN (Ea = 113 kJ/mol,
A = 2.5 �1016; Ea = 116 kJ/mol, A = 7.2 � 1016 respectively) [32]
and, therefore, all of them show similar thermal stabilities. Due
to the atmospheric thermal profile, the thermal lifetime for
DMPPN varies as a function of altitude. It equals approximately
Fig. 3. Thermal decomposition of DMPPN as a function of total pressure at 293 K.
Insert shows the results as a function of temperature at 9.0 (diamonds) and
1000 mbar (circles) total pressure.
2 days at 2 km, rising steeply to 30 days at 4 km, increasing rapidly
to reach decades at altitudes higher than 6 km. The lifetime is
greater than that of PAN, suggesting that, if DMPPN is formed in the
atmosphere, it should act as reservoir species.

3.3. Photolysis and quantum yield at 254 nm

TMA was photolyzed alone and in the presence of cyclohexane
at 254 nm to have an estimation of the quantum yield. In the
former case, the decay of TMA observed is higher, corroborating
that the c-hexane added acts effectively as a radical scavenger of
radicals formed by the photolytic rupture of the molecule
protecting the TMA for further reactions. Because our goal was
to measure just the primary process of the absorption of the
photon, we performed all the subsequent experiments in the
presence of a large excess of cyclo-hexane in order to trap any
radical formed thus preventing the occurrence of radical–molecule
reactions.

We irradiated gas mixtures using a low-pressure Hg lamp and
derived the quantum yield from the following equation:

kðCH3Þ3CCHO
kactinometer

¼ s254nmðCH3Þ3CCHO � f254nmðCH3Þ3CCHO
s254nmactinometer � f254nmactinometer

where k, s254 nm and ’254 nm correspond to the rate constant for the
disappearance, the absorption cross-sections and the quantum
yield at 254 nm, respectively. Trifluoroacetyl chloride, CF3C(O)Cl
(s254nm= 6.86 � 10�20 cm2molecule�1, ’ ffi1.0) [33,34] was
employed as actinometer. The absorption cross section of TMA
at 254 nm (taken from the calibration curve) was (9.1 �0.4) � 10
�21 cm2molecule�1.The analysis of the spectra reveals the
formation of carbon monoxide, isobutane ((CH3)3CH) and
formaldehyde as a consequence of three different processes,
namely the scission of the C—C bond, the O—H bond and the
extrusion of CO. The appearance of the products could be
rationalized through the following reactions:

(CH3)3CCHO + hn ! (CH3)3C� + HC(O)� (1a)
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(CH3)3C� + c-C6H12! (CH3)3CH + c-C6H11
�

HC(O)� + c-C6H12! H2CO + c-C6H11
�

(CH3)3CCHO + hn ! (CH3)3CC(O)� + H� (1b)

5 (CH3)3CC(O)�! (CH3)3C� + CO

(CH3)3C� + c-C6H12! (CH3)3CH + c-C6H11
�

(CH3)3CCHO + hn ! (CH3)3CH + CO (1c)

Quantification of the disappearance of TMA leads a global value
of 0.60 � 0.05 for the total quantum yield in good agreement with
values derived for similar aldehydes by other workers, for example,
0.65 for propanal [35] and 0.63 for isobutanal [36]. On the other
hand, the quantification of formaldehyde gives the primary
quantum yield for the C—C scission (’a = 0.32) while the
quantification of carbon monoxide gives the sum of (’b + ’c) = 0.30.

These results agree with the values of quantum yield reported
for similar aldehydes (’a and ’b, respectively): 0.28 and 0.32 for
C2H5CHO; 0.20 and 0.40 for (CH3)2CHCHO.
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