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Bimolecular rate coefficients for the reactions of the nitrate radical, NO3 , with methanol, ethanol, acetaldehyde
tert-butyl methyl ether, propionic acid, dimethylmalonate, dimethylsuccinate, dimethyl carbonate and
diethylcarbonate in aqueous solutions have been measured using a novel experimental approach. This study
was performed using laser flash photolysis (LFP) with a capillary made of Teflon AF2400 as a long path
capillary photolysis cell. Taking benefit of this new material allowing a long optical path length for a very
limited irradiated solution volume, new rate constants were established. All experiments were carried out at
room temperature. Measured rate coefficients for the reaction of the NO3 radical with methanol, ethanol,
acetaldehyde, dimethylcarbonate, diethylcarbonate, dimethylmalonate, dimethyl succinate, propionic acid and
tert-butyl-methyl ether are (units are 105 M�1 s�1): kNO3 þ ethanol ¼ 4.8� 0.5, kNO3 þ ethanol ¼
19� 3, kNO3 þ acetaldehyde ¼ 20� 3, kNO3 þ dimethylcarbonate ¼ 0.15� 0.04, kNO3 þ diethylcarbonate ¼ 0.84� 0.12,
kNO3 þ dimethylmalonate ¼ 0.26� 0.07, kNO3 þ dimethylsuccinate ¼ 0.34� 0.02, kNO3 þ propionic acid ¼ 0.77� 0.02,
kNO3 þ tert-butyl-methyl ether ¼ 3.9� 1.3. The uncertainties in the above expressions are �2s and represent precision
only. The reported rate coefficients for the reactions of NO3 with methanol, ethanol and acetaldehyde agree well
with currently recommended values. To date, there is no kinetic data reported in the literature for the NO3

radical reaction with dimethylcarbonate, diethylcarbonate, dimethylmalonate, dimethylsuccinate,
propionic acid and tert-butyl-methyl ether. The reaction mechanism is briefly discussed as a function
of bond energies

Introduction

The atmosphere can be considered as a giant chemical reactor
where gases and aerosols play a key role in all chemical and
physical processes linked to the Earth’s climate. The presence
of condensed matter renders this reactor quite inhomogeneous
with complex exchanges between all phases encountered in the
atmosphere.1

In the atmospheric gas phase, the nitrate radical (NO3) has
been identified as a key oxidant, especially at night when the
importance of the hydroxyl radical (OH) is decreasing.
Accordingly, numerous studies focused on the kinetics and
on the addition and hydrogen-abstraction mechanisms in
which NO3 is involved.

2,3

However, since the Earth’s atmosphere is far from being
purely gaseous as it contains also aqueous particles, i.e. the
so-called hydrometeors (clouds and fogs). As the nitrate radi-
cal may undergo phase partitioning4 or has direct sources in
the aqueous phase, many of its reactions are also occurring
in water.2 Therefore, the nitrate radical is a key oxidant also
in the aqueous phase, along with the hydroxyl radical (OH).
In our previous paper,5 we discussed the reactivity of the

hydroxyl radical toward some oxygenates, and new rate coeffi-
cients were established for the OHþ dimethylmalonate, OHþ
dimethylsuccinate, OHþ dimethylcarbonate andOHþ diethyl-
carbonate reactions, followed by a discussion on the
H-abstraction mechanism. In the present study however, we
focused on the reactivity of NO3 toward a few oxygenates.
Although many studies have dealt with the kinetics of the

reaction between NO3 and a series of organic compounds, very
few studies have been performed for the reactions of NO3 with
the intermediate-sized aliphatic compounds (i.e. C2–C10), and

especially for the reactions of OH with organics containing
oxygenated polyfunctional groups.
Such interest stems from the fact that the intermediate

length carbon chain and oxygenated hydrocarbon compounds
are expected to be increasingly used as new industrial solvents
to favour water based technology. Currently, C2–C10 dibasic
esters6–8 and carbonates9,10 are being considered to replace
‘‘old ’’ additives to obtain ‘‘new’’ environmentally friendly
solvents. However, the atmospheric degradation of dibasic
esters and carbonates will potentially result in the formation
of tropospheric ozone and other secondary pollutants.7 More-
over, the C2–C10 oxygenated organics can potentially form
low vapour pressure secondary reaction compounds that
can be either taken up by clouds or form secondary aero-
sols11,12 (SOA). In turn, these compounds can be removed
from the atmosphere via rainfall, dry or wet deposition and
potentially act as a source of organic pollutants in surface
waters.
To date, the atmospheric fate of C2–C10 dibasic esters and

carbonates remains uncertain. In the atmosphere, these com-
pounds are likely to be involved in multiphase chemistry and
be removed via the attack by OH or NO3 .
In this paper, we present new determinations of the kinetics

of the hydrogen abstraction reactions between NO3 and some
oxygenates, i.e. methanol, ethanol, acetaldehyde tert-butyl
methyl ether, propionic acid, dimethylmalonate, dimethylsuc-
cinate, dimethyl carbonate and diethylcarbonate. This study
has been performed using laser flash photolysis (LFP) in a
capillary made of Teflon AF2400 as a long path capillary
photolysis cell. Taking benefit of this new material allowing
a long optical path length for a very limited irradiated solution
volume, new rate constants were established.
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Details of the experimental procedure that were employed to
study these reactions in aqueous solutions are given below.

Experimental

Laser photolysis apparatus

The NO3 radical was produced by the laser-flash photolysis of
peroxodisulfate or cerium ammonium nitrate precursors.2 The
experimental setup described in this section has been applied
for photolytic generation of sulfate radical from peroxodisul-
fate. Sulfate radicals were then converted into nitrate radical
in the presence of excess nitrate anion:

S2O8
2� þ hn ! 2SO4

�� ðR1Þ

SO4
�� þNO3

� ! SO4
2� þNO3

� ðR2Þ

Using reactions (R1) and (R2) implies a certain time to achieve
complete formation of the nitrate radical. This time the gap
depends on laser fluence and concentration of reactants.
Therefore, depending on experimental conditions, the decay
of the nitrate radical may not necessarily be of first order dur-
ing the first microseconds following the laser discharge (as
shown in Fig. 2). Therefore, care must be taken when analys-
ing NO3 decays to be in a time region where the production of
NO3 is complete.
Nitrate radicals were also produced from the photolytic

reaction on cerium nitrate ammonium complex, as an alterna-
tive to the experimental method mentioned above. Solutions
of Ce(IV) complex in nitric acid were used to generate nitrate
radical.

½CeivðNO3Þ6�
2� þH2Oþ hv ! ½CeiiiðNO3Þ5H2O�2� þNO3

�

ðR3Þ

Typical Ce(IV) complex concentration was in the range
5� 10�4–5� 10�3 mol L�1. Typical experimental nitric acid
concentration was 1.0 mol L�1.
A Lambda Physik Excimer Multigas laser (EMG 101), oper-

ated with a Xe/F2 mixture leading to a lasing wavelength at
351 nm was used as the photolysis source. Under optimum
conditions, this laser produces a pulse half-width of 16 ns
and a beam cross-sectional area of 250 mm2 with an output
of 125 mJ per pulse. This energy was periodically checked
using a calibrated Joule-meter (Labmaster E, Coherent Inc.).
Transient species produced by the pulsed laser beam were

monitored by means of time resolved absorption spectroscopy.
A diode laser, with an output wavelength of 635 nm and a
power of 1 mW was used as the analyzing light. The light
escaping the photolysis cell (described below) was fed onto
the active surface of an amplified photodiode. The rise time
(5 to 95%) of the amplified photodiode was always kept below
0.5 ns.
The continuous optical signal was first measured before the

laser discharge by a sample-and-hold circuit and the corre-
sponding voltage was read by a multimeter (Keithley 179A).
The transient optical absorption signal produced by the laser

beam was subsequently collected by a Tektronix oscilloscope
(type 2430A) via a differentiating circuit, which allows the
change of absorption to be measured with a high sensitivity.
This oscilloscope allows a maximum sampling rate of 100
MHz and has signal-averaging capacities. The full absorption
may then be reconstructed from both continuous and transient
signals once both of them have been transferred to a computer
via IEEE-488 GPIB interface from the oscilloscope and multi-
meter. All devices were synchronized via a delay generator
(DG535, Stanford Research System) which was operated as
the master in our optical chain.
The signal to noise ratio of the measured kinetic curves was

such that in most cases experiments were performed on a single
shot basis. However when necessary (i.e., for low NO3 concen-
trations), the averaging capacities of the oscilloscope were
used. In that case, up to 16 single shot experiments were aver-
aged before transmitting to the computer. In all cases, the
photolysis cell content was fully renewed between each laser
pulse. We ensured that single and averaged signals led to the
same kinetic determination.

Teflon AF photolysis cell

The centrepiece of the experimental set-up is a liquid core
waveguide (LCW) made of Teflon AF 2400 (BioGeneral,
San Diego, CA). Tubing made from these polymers have
been shown to exhibit excellent optical properties such as
high optical clarity (at l� 200 nm more than 80% of light
is transmitted through a 220 mm thick film of the polymer
described above) and very low refractive index (i.e.,
n ¼ 1.29 for Teflon AF 2400 grades). The refractive index
observed for the Teflon AF 2400 tube is lower than virtually
all standard temperature and pressure liquids. As a result,
tubing made from the Teflon AF 2400 polymer and filled
with water will conduct light.
The Teflon AF 2400 guide had an inner and outer diameter

of 200 and 800 mm, respectively. The length of the LCW was
varied in the course of the study from 30 to 90 cm. In all cases,
the internal volume of the liquid core waveguide was less than
0.1 ml for a maximum optical path length of 90 cm. Very
small liquid volumes used in the LCW (liquid core waveguide)
is one of the major advantages of using waveguides compared
to a standard White cell design for studying radical liquid
phase reactions. A good White cell can achieve a maximum
path length of a few meters (which often requires expensive
lasers) in a volume of about 50–100 ml. Such a large reaction
volume requires much larger flow rates to replenish the cell
between laser flashes. Under the typical experimental condi-
tions employed, the LCW can achieve much longer optical
path lengths in much smaller volumes without requiring as
powerful light sources as those required in standard White cell
systems.
The Teflon photolysis cell used is shown in Fig. 1. The

highly flexible Teflon AF 2400 tubing was loosely coiled (less
than 3 cm diameter) and placed in the excimer laser beam path.
The NO3 radicals were generated within the LCW following
the laser flash on the precursors, as discussed above. Since

Fig. 1 Schematics of the LCW (liquid core waveguide) micro-flow tube experimental setup.
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the waveguide was used as a coil, no concentration gradient
could built up along the waveguide length. However, non-
uniform nitrate radical concentration could be produced if
the laser fluence experienced by the coild was not uniform.
Therefore, in order to avoid any shielding of the front and
back sides of the waveguide, the later was placed in a reactor
(not shown in Fig. 1) the inner walls of which were covered
by an aluminium foil. The reactor had the following dimen-
sions 1� 3� 3 cm3 (height�width� depth). In this way we
ensured an increased uniformity in the irradiation of the wave-
guide. However, we could not measure this uniformity,
we therefore made sure that all kinetics studied in the present
study were unimolecular (after completion of the NO3

production as stated before).
In order to probe the solution contents of the Teflon photo-

lysis cell, the output of the diode laser was focused on the entry
of an unpolished 100-mm diameter fused silica optical fibre.
The fused silica optical fibre was held in the liquid content
of the photolysis cell. Then, the light was allowed to escape
the solid optical fibre and was collected in the liquid core wave-
guide. Again, the Teflon AF tubing conducted the light up to
its end where another fused silica optical (located in the liquid)
collected most of this transmitted light. This second solid opti-
cal then conducted the light to the active surface of the ampli-
fied photodiode. In that way the measured signal is integrated
(or averaged) over the full length of the waveguide. As the
observed decays were first order, this averaging allows the
determination of rate constants even in the unlikely situation
where the NO3 concentration was not uniform along the
waveguide length.
The use of a long optical path-length, enabled us to work

with low NO3 concentrations. Accordingly, the UV irradiation
of the nitrate precursor never led to a saturation of the latter as
the nitrate radical formed was much less than 1% of the pre-
cursor concentration. The decay of the nitrate radical was
monitored at a wavelength of 635 nm and was believed to obey
Beer–Lambert’s law.

Determination of rate coefficients

As this will be discussed in more detail in the results section,
many experimental conditions have been changed (laser vol-
tage discharge, solution composition, temperature) leading to a
total of 200 experiments. In all cases reported here, the decays
were purely first order decays and therefore straightforward
to handle.
All kinetics were studied at room temperature, i.e. 298 K.

Reagents

Solutions were prepared from the following chemicals (used
without further purification): Na2S2O8 (Prolabo Normapur,
98%), NaNO3 (Aldrich 100%), cerium nitrate ammonium
(Aldrich > 98.5%), nitric acid (Aldrich 1 mol L�1), perchloric
acid (Aldrich 70%) methanol (Prolabo, Normapur, > 99.8%),
ethanol (Prolabo, Normapur, > 99.8%), acetaldehyde (Aldrich

99.5%), dimethyl malonate (Aldrich > 99%), dimethyl succi-
nate (Aldrich > 99%), dimethyl carbonate (Fluka >99%),
diethyl carbonate (Fluka > 99%) and tert-butyl-methyl ether
(Aldrich >99.8%). Water was taken from an 18 MO purifica-
tion system (Millipore). In some test experiments, we used oxy-
gen free solutions, which led to the same results as non-
degassed water.

Results

Validation of the technique

In order to check the consistency of the results obtained by this
technique, several well-established rate coefficients have been
re-measured.

NO3+methanol

The kinetics of the reaction of OH with methanol (R4) has
been studied before (see, for example, Table 1).

NO3 þ CH3OH ! HNO3 þ CH2OH ðR4Þ
The agreement among the reported values for the rate coeffi-

cient for the reaction of OH with methanol is not very clear as
values are covering more or less an order of magnitude (see
Table 1) As a result, further investigations are warranted to
better define the rate coefficient for the removal of OH by
methanol.
A typical decay for the absorption profiles of the nitrate

radical is shown in Fig. 2, whereas a typical second order plot
for this reaction is shown in Fig. 3. The kinetics were of
pseudo-first order (and treated accordingly) as the methanol
was in large excess (this will be the case of the oxygenates con-
sidered in this study). The methanol concentration was varied
from 1� 10�2 to 4� 10�2 mol L�1. At 298 K, the measured
rate constant is reported to be (4.8� 0.5)� 105 M�1 s�1.
The previously reported rate constants for reaction R4 are in

the range from 1.8 to 16� 105 M�1 s�1, with the latest deter-
mination by Herrmann and coworkers20 being (5.1� 0.3)�
105 M�1 s�1.
It appears that our measurement is in excellent agreement

with the latter study where the experimental conditions were
quite similar to our own conditions. This concerns especially
the pH conditions which differ significantly from those used
by Dogliotti and Hayon,18 Pikaev et al.,17 Neta and Huie,21

Ito et al.14 and Shastri and Huie.16 All these studies were per-
formed under very acidic conditions (i.e., with a pH< 0) result-
ing apparently in most cases in slower reactions rates, by ca.
50% for the studies by Neta and Huie,21 Ito et al.14 and Shastri
and Huie.16

However, the discrepancy between our studies and those by
Dogliotti and Hayon and Pikaev et al. remains unclear. In fact,
the rate coefficient reported in these studies should have been
comparable to the first three quote at pH< 0 which are lower
than those obtained under milder conditions (as those used
here and by Herrmann and coworkers).

Table 1 Comparison of the room temperature rate coefficients for the reaction of the NO3 radical with methanol obtained in this work with
literature values

Author, year Precursor pH T/K Method 105� k/L mol�1 s�1 Literature

Herrmann and Exner, 1994 S2O8
2�/K2Ce(NO3)6 4.0 298 FP 5.1 13

Ito and Akiho, 1988 K2Ce(NO3)6 <0 RT FP 3.1 14

Neta and Huie, 1986 HNO3 <0 295 PR 2.1 15

Shastri and Huie, 1990 HNO3 <0 295 PR 1.8 16

Pikaev and Sibirskaya, 1974 HNO3 <0 RT PR 16.0 17

Dogliotti and Hayon, 1967 K2Ce(NO3)6 7.0 RT FP 10.0 18

This work S2O8
2� 1.0 298 FP 4.8� 0.5
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However, just by considering the excellent agreement with
the study by Herrmann and coworkers, we feel confident that
the rate coefficient determined here is representative of the
reaction between the nitrate radical and methanol under
near-neutral conditions. This agreement, taken as a first step,
can be a validation of our new technique.

NO3+ ethanol

Many room temperature studies of the NO3þ ethanol reaction
kinetics are reported (see Table 2).

NO3 þ CH3CH2OH ! HNO3 þ CH3CH2OH ðR5Þ

A typical second order plot for this reaction is shown in
Fig. 3. The rate coefficient determined in this study is
(1.9� 0.3)� 106 M�1 s�1 at 298 K.
Previously reported rate coefficients are ranging from 1.1 to

3.9� 106 M�1 s�1 (see Table 2). Therefore, our determination
lies in the middle of the reported range. However again, we can
notice an excellent agreement with the data reported by
Herrmann and coworkers,20 who measured a rate constant of
(2.4� 0.5)� 106 M�1 s�1 under conditions directly comparable
to the ones used here.
Again, all lower values presented in Table 2 were obtained in

very acidic conditions (again with pH lower than 0) while the
larger ones were measured at higher pH. The difference is again
in the order of ca. 50%.
It may be speculated that both alcohols, under very acidic

conditions, might exist in their protonated form. However,
taking into consideration the pKa of both alcohols, one can
easily show that this fraction is very small. Therefore, this
speculation has to be rejected as an explanation for the differ-
ence between all experiments, which differ by the reaction
sequence used to produce the radicals. The main difference
between these two approaches (i.e., pulse radiolysis and laser
photolysis) lies in the pH range applied. In fact, H-abstraction
by NO3 produces HNO3 which is undissociated in 6 M HNO3

(conditions employed in pulse radiolysis experiments) but fully
dissociated under the conditions used in the present study. This
additional dissociation process may provide additional energy
to the system and therefore change the overall process. How-
ever, this is still speculative. Accordingly, this difference
remains unresolved.
We can here only underline again that the results obtained

in this work and by Herrmann et al compare quite favourably,
which validates our experimental technique.

NO3+acetaldehyde

Less room temperature studies of the NO3þ acetaldehyde
reaction kinetics are reported in the literature (see Table 3).

NO3 þ CH3CHðOHÞ2 ! HNO3 þ CH3CðOHÞ2 ðR6Þ
For this aldehyde, or more exactly, for its gem-diol, we mea-

sured a second-order rate coefficient of (2.0� 0.3)� 106 M�1

s�1, as listed in Table 3 while Herrmann et al.20 measured
(1.9� 0.6)� 106 M�1 s�1. Again, both studies are in excellent
agreement.
On the other hand, Ito et al.22 measured a much higher rate

coefficient (up to 6.2� 106 M�1 s�1), which cannot be directly
reconciled with these two measurements. However, Ito et al.22

performed their study at much higher ionic strength. Such a
difference may partly explain the difference between Herrmann
et al.,20 our study and Ito et al., as discussed by Herrmann and
coworkers.
Finally, with the very good agreement with Herrmann and

co-workers20 (the single study directly comparable to our
experimental conditions), we can argue that the experimental

Fig. 3 Plots of the observed pseudo-first-order rate constants of
NO3 radicals for / methanol, L ethanol and K acetaldehyde in 1M
HClO4 at 25 �C, [NO3

�] ¼ 1M and [S2O8
2�] ¼ 1M. The ordinates

illustrate the kinetics of the reaction between the nitrate radical and
its precursors or impurities.

Fig. 2 Typical NO3 temporal profile of the reaction NO3þMeOH in
1M HClO4 at 25 �C, [NO3

�] ¼ 1M, [S2O8
2�] ¼ 1M and

[MeOH] ¼ 1.10�3M.

Table 2 Comparison of the room temperature rate coefficients for the reaction of the NO3 radical with ethanol obtained in this work with
literature values

Author, year Precursor pH T/K Method 106� k/L mol�1 s�1 Literature

Herrmann and Exner, 1994 S2O8
2�/K2Ce(NO3)6 4.0 298 FP 2.4 13

Ito and Akiho, 1988 K2Ce(NO3)6 <0 RT FP 1.2 14

Neta and Huie, 1986 HNO3 <0 295 PR 1.4 15

Shastri and Huie, 1990 HNO3 <0 295 PR 1.1 16

Pikaev and Sibirskaya, 1974 HNO3 <0 RT PR 2.2 17

Dogliotti and Hayon, 1967 K2Ce(NO3)6 7.0 RT FP 3.9 18

Alfassi and Padmaja, 1993 K2Ce(NO3)6 <0 296 FP 1.8 19

This work S2O8
2� 1.0 298 FP 1.5� 0.3
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approach based on Teflon AF has successfully been validated
and should, therefore, be applied to other studies.

Determination of new rate constants

In the atmosphere, the degradation of the dimethylmalonate,
dimethylsuccinate, dimethylcarbonate, diethylcarbonate, tert-
butyl ether and propionic acid will most likely be governed by
the attack of OH and NO3 radicals [i.e., reactions (R7)–(R12)].

NO3 þ CH3OCðOÞCH2CðOÞOCH3 ! Hþ þNO3
�

þ CH3OCðOÞCH2CðOÞOCH2 ðR7Þ

NO3 þ CH3OCðOÞCH2CH2CðOÞOCH3 ! Hþ þNO3
�

þ CH3OCðOÞCH2CHCðOÞOCH3 ðR8Þ

NO3 þ CH3OCðOÞOCH3 ! Hþ þNO3
�

þ CH3OCðOÞOCH2 ðR9Þ

NO3 þ CH3CH2OCðOÞOCH2CH3 ! Hþ þNO3
�

þ CH3CH2OCðOÞOCHCH3 ðR10Þ

NO3 þ ðCH3Þ3COCH3 ! Hþ þNO3
� þ ðCH3Þ3COCH2

ðR11Þ

NO3 þ CH3CH2COOH ! Hþ þNO3
� þ CH3CHCOOH

ðR12Þ

The experimental approach described above was used to
measure the bimolecular rate coefficients for the reactions of the
NO3 radical with dimethylmalonate (R7), dimethylsuccinate
(R8), dimethylcarbonate (R9), diethylcarbonate (R10), tert-
butyl methyl ether (R11) and propionic acid (R12). The pKa

of the latter acid is 4.87, therefore under our experimental con-
ditions it can safely be assumed that this acid is undissociated.
Typical second order plots for these reactions are shown in

Fig. 4 and all rate coefficients are summarised in Table 4.

To our best knowledge, there are no other kinetic data for
reactions (R7)–(R12) available in the literature with which to
compare our results.

Discussion

Table 5 compares the reactivity of the different VOCs toward
the nitrate and hydroxyl radicals. It obvious that the latter is
reacting much more efficiently with all compounds. In fact,
the ratio between both rate constants is ranging from 103 to
1.6� 104. However, this limited set of data does not exhibit
any specific trend.
A major assumption in the reactions studied above is that

the NO3 attack on the oxygenates proceeds via an H-abstrac-
tion mechanism. If the NO3 attack proceeds via an H-abstrac-
tion, then the observed rate coefficients should be correlated
with the type of bond and bond strength of the ‘‘ leaving ’’
hydrogen atom. The ‘‘ leaving ’’ hydrogen atom is probably
the one having the weakest C–H bond strength (it was assumed
that no H-abstraction occurs at the O–H group for alcohols).
Bond dissociation energies (BDE) of the weakest C–H for all
oxygenates are listed in Table 6. Other parameters listed in
Table 6 are: (i) the number of equivalent hydrogen atom nH
(i.e., those having the weakest bond strength); and (ii) the loga-
rithm of the rate constant per H atom kH , which is derived by:

kH ¼ kobs=nH ð1Þ

Many of the bond dissociation energies have not been
experimentally measured and were, therefore, estimated using

Fig. 4 Plots of the observed pseudo-first-order decay rates of NO3

radicals for: / propionic acid in 1M HClO4 at 25 �C, [NO3
�] ¼ 1M

and [S2O8
2�] ¼ 1M.; L dimethylsuccinate in 1M HNO3 at 25 �C,

[[CeIV(NO3)6]
2�]; K dimethylmalonate in 1M HclO4 at 25 �C,

[NO3
�] ¼ 1M and [S2O8

2�] ¼ 1M. The ordinates illustrate the kinetics
of the reaction between the nitrate radical and its precursors or
impurities.

Table 3 Comparison of the room temperature rate coefficients for the reaction of the NO3 radical with acetaldehyde obtained in this work with
literature values

Author, year Precursor pH T/K Method 106� k/L mol�1 s�1 Literature

Herrmann and Zellner, 1998 S2O8
2�/K2Ce(NO3)66 4.0 297 FP 1.9 2

This work S2O8
2� 1.0 298 FP 2.0� 0.3

Table 4 Summary of the rate coefficients for the reactions of the NO3

radical with six oxygenates obtained in this work

Compounds k/L mol�1 s�1 NO3 precursor

Diethylcarbonate (8.40� 1.25)� 104 S2O
2
8

Dimethylcarbonate (1.5� 0.4)� 104 S2O
2
8

Dimethylmalonate (2.6� 0.7)� 104 S2O
2
8

Propionic acid (7.7� 0.2)� 104 S2O
2
8

tert-Butyl-methyl ether (3.9� 1.3)� 105 K2Ce(NO3)6
Dimethylsuccinate (3.4� 0.2)� 104 K2Ce(NO3)6

Table 5 Comparison of the reactivity of the oxygenated compounds
toward the nitrate and hydroxyl radicals. The data are from this work
or ref. 5 and references cited therein

Reactant

kOH/

L mol�1 s�1
kNO3/

L mol�1 s�1
kOH/

kNO3

Methanol (1.3� 0.4)� 109 (4.8� 0.5)� 105 2.7� 103

Ethanol (1.9� 0.5)� 109 (1.9� 0.3)� 106 1.0� 3

Dimethylmalonate (2.7� 0.9)� 108 (2.6� 0.7)� 104 1.0� 104

Dimethylsuccinate (5.3� 2.9)� 108 (3.4� 0.2)� 104 1.6� 104

Dimethylcarbonate (5.1� 2.7)� 108 (1.5� 0.4)� 104 3.4� 103

Diethylcarbonate (7.9� 3.2)� 108 (8.4� 1.25)� 104 9.4� 103

Acetaldehyde 3.6� 1091 (2.0� 0.3)� 106 1.8� 103

tert-Butyl-

methyl ether

1.6� 1092 (3.9� 1.3)� 105 4.3� 103

Propionic acid 3.8� 1083 (7.7� 0.2)� 104 4.9� 103
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semi-empirical group contribution methods.23,24 This method
is independent of the one derived by S. Benson, as the latter
does not allow the estimation of bond dissociation energies
for complex oxygenated molecules. It should be underlined
that these bond energies are, without doubt, carrying some
uncertainties. However in the absence of experimental data,
this estimation procedure is a straightforward solution that
should still illustrate some trends in the rate constants.
It may be assumed that the observed differences of the reac-

tivity of the NO3 radical toward the organic species considered
are due to changes in the activation energies which are
expected to be linked to the bond dissociation energy of the
bond being ruptured.25 If this is the case, there should be a lin-
ear dependence of the logarithm of kH on the bond strength.
A plot of log(kH) versus BDE is shown in Fig. 6. There is indeed
a (weak) correlation between the logarithm of kH and the bond
strength, i.e. a decrease of the rate coefficient is observed
with increasing BDE. As a result, the reaction of the NO3 radi-
cal with oxygenates proceeds via an H-atom abstraction
mechanism.
In summary, we reported in this study on the reactivity of

the nitrate radical NO3 toward several oxygenated com-
pounds. For some of them, we measured the rate coefficient
for the first time. Apparently, the reaction proceeds via an
H-abstraction mechanism as already stated in previous studies.
The existing data do not support any reliable estimation
method, which warrants future work in order to improve
knowledge that is required building reliable structure–activity
relationships.

Conclusions

This work addressed the oxidation of several oxygenated com-
pounds by the nitrate radical using a newly developed experi-
mental technique. The experimental approach described here
takes advantage of the novel Teflon AF 2400 material. The
physical nature of such tubing allows for the construction of
photolysis reaction cells with very low volumes but potentially
very long optical path lengths.
We have successfully applied such photolysis cell to the mea-

surement of the rate coefficients for the liquid phase reaction
of the nitrate radical with methanol, ethanol, acetaldehyde,
tert-butyl methyl ether, propionic acid, dimethylmalonate,
dimethylsuccinate, dimethyl carbonate and diethylcarbonate.
The reported rate coefficients for the reactions of NO3 with
ethanol, methanol and acetaldehyde agree very well with the
literature values. To date, there is no kinetic data reported
for the OH radical reaction with dimethylmalonate, dimethyl-
succinate, dimethylcarbonate, diethylcarbonate, tert-butyl
methyl ether and propionic acid with which to compare our
results.
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