¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Kinetics of the reaction of OH with methyl nitrate
(223-343 K)¥

Christin Fernholz,

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,

2024, 26, 6646 .
Fabienne Baumann,

Jos Lelieveld and John N. Crowley 2 *
Rate coefficients (k4) for the reaction of hydroxyl radicals (OH) with methyl nitrate (CHzONO,) were measured
over the temperature range 232-343 K using pulsed laser photolysis to generate OH and pulsed laser-induced
fluorescence to detect it in real-time and under pseudo-first-order conditions. In order to optimize the
accuracy of the rate coefficients obtained, the concentration of CHzONO, (the reactant in excess) was
measured on-line by absorption spectroscopy at 213.86 nm for which the absorption cross-section was also
measured (021386 = 1.65 + 0.09 x 1078 cm? molecule™). The temperature-dependent rate coefficient is
described by k4(T) = 75 x 1072 expl(—1034 + 40)/T] cm® molecule™® s7* with a room temperature rate
coefficient of k4296 & 2 K) = (232 + 0.12) x 107** cm® molecule™* s~ where the uncertainty includes the
statistical error of 2¢ and an estimation of the potential systematic bias of 5%. This new dataset helps to
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consolidate the database for this rate coefficient and to reduce uncertainty in the atmospheric lifetime of
CHzONO:,. As part of this study, an approximate rate coefficient for the reaction of H-atoms with CHzONO,
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1 Introduction

Organic nitrates are formed in the atmosphere during the
degradation of hydrocarbons in the presence of nitrogen
oxides." The atmospheric lifetimes of organic nitrates can vary
from seconds (e.g. for thermally unstable peroxy-nitrates such
as CH300NO, at temperatures close to room temperature) to
months (e.g. for a-carbonyl peroxy-nitrates such as CH;C(O)
OONO, at temperatures close to 220 K typical for the upper
troposphere). In contrast to peroxy-nitrates, alkyl nitrates (such
as CH30NO,) are generally thermally stable at the temperatures
of our atmosphere and can be transported over long distances
before being oxidized via reaction with OH or photolyzed.'™
Following OH-induced oxidation of hydrocarbons, alkyl nitrates
are formed in a usually minor (termolecular) channel of the
reaction of organic peroxy radicals (RO,) with NO:

RO, + NO — RO + NO, (R1a)

RO, + NO + M — RONO, + M (R1b)

Alternatively, RONO, can be formed in the NOj-induced
oxidation of unsaturated biogenic hydrocarbons in the
presence of O,, which involves electrophilic addition of
NO; to a C=C double bond followed by further reaction of
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(k) was also derived at room temperature: ko(298 K) = (1.68 + 0.45) x 107 cm® molecule™ s~

1

the nitro-peroxy radicals thus formed.* The target molecule of
this study, CH;0ONO, is formed in the lower atmosphere when
CH;0, radicals (e.g. from methane oxidation) react with NO.
The formation of CH;ONO, via this reaction is inefficient, with
ayield of <1% at room temperature,” but with some evidence
for an increase in the yield at lower temperatures, commensu-
rate with its formation in a termolecular process:®

CH,0, + NO — CH,0 + NO, (R2a)

CH,0, + NO + M — CH,ONO, + M (R2b)

In the lower atmosphere, the fate of CH;O is dominated by
reaction with O, to form HO, and HCHO. However, in the
stratosphere, when O, concentrations are much lower, some
CH;O can react with NO,” and this represents a further source
of CH;ONO,:

CH,0 + NO, + M - CH;ONO, + M (R3)

The important chemical loss processes for CH;0NO, in the
atmosphere are photodissociation and reaction with OH,
with thermal decomposition and reaction with O; or NO;
insignificant.”® Previous measurements indicate that R4 has
a small rate coefficient, of the order of 10™** ecm® molecule™ s™*
(see below). The photolysis of CH;0NO, proceeds via O-N
bond fission to form a methoxy radical and NO,, whereas the
slow reaction with OH (R4) proceeds via H-abstraction to
form an unstable radical that dissociates to formaldehyde
and NO,(R5):
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OH + CH,0NO, — CH,ONO, + H,0 (R4)

CH,ONO, — HCHO + NO, (R5)

Both HCHO and CH3;O react much more rapidly with OH
than does CH3;ONO, and secondary chemistry is a potential
source of systematic bias in the determination of the rate
coefficient (k,) for the title reaction when using absolute
rate methods. A further source of systematic bias in an absolute
rate coefficient study of this slow reaction (R4) is the presence
of reactive impurities in the CH;0ONO, sample. Such problems
can be avoided by working at low OH concentrations (and thus
low fractional conversion of CH3;0ONO, to products) and by
carefully purifying the CH;ONO, sample, thus minimising the
levels of reactive impurities (see Section 2).

The rate coefficient for reaction (R4) has been reported by
Gaffney et al.,’ Nielsen et al.,'® Talukdar et al.,® and Shallcross
et al.,'" but there are large differences in the rate coefficient at
room temperature (a factor of 10) and its temperature depen-
dence which is reported to be both positive and negative
(see later). The goal of this study is to generate highly accurate
rate coefficients for the title reaction at different (atmospheri-
cally relevant) temperatures and to resolve these differences in
the literature and thus better constrain the lifetime of
CH;0NO, in the atmosphere.

2 Experimental

Rate coefficients for the reaction of OH with CH;0NO, were
determined using pulsed-laser-photolysis (PLP) pulsed-laser-
induced fluorescence (PLIF) under pseudo-first-order condi-
tions ([CH;0ONO,] >» [OH]) in (mainly) N, and He bath gases.
The concentration of methyl nitrate was measured in situ by
optical absorption. The experimental setup has been described
in detail elsewhere'” and is only briefly described here.

2.1 PLP-PLIF technique

The reaction took place in a cylindrical, jacketed quartz reactor
with a volume of approximately 300 ¢cm®. The temperature
inside the reactor was controlled by circulating a 60:40 ethy-
lene glycol/water mixture (343-251 K) or ethanol (T < 251 K)
through an outer-jacket. The gas mixture enters the reactor
about 15 cm before the photolysis zone, ensuring thermal
equilibrium with the walls of the reactor. The reaction tem-
perature was measured by inserting a recently calibrated K-type
thermocouple into the photolysis zone before each experiment
at a different temperature. 100 and 1000 torr manometers were
used to measure the pressure in the reactor.

OH was generated by excimer laser photolysis (Coherent
COMPex 205 F or Pro 201 F, ~20 ns width) of a precursor gas
molecule, either H,0, (248 nm), HONO (351 nm) or CH;0NO,
itself (248 nm) (see below).

OH radicals were excited at 281.997 nm (A°Z(v' = 1) «
X°T(v" = 0), Qu; (1) transition) using a Nd-YAG pumped
(532 nm, ~6 ns pulse width) and frequency-doubled dye laser
(Quantel Brilliant B, Lambda Physik Scanmate/Scanmate UV
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with KPD crystal). The resulting fluorescence signal was
detected by a photomultiplier tube screened by a long-pass
filter (A > 290 nm). The photolysis and excitation lasers were
mainly operated at a repetition rate of 10 Hz using a pulse/delay
generator (Stanford Research Systems DG 535), which was also
used to control the delay between the photolysis and excitation
laser pulses. Prior to the PLP pulse, 20 pulses of the PLIF laser
were used to measure a background signal that includes
scattered light from the excitation laser and electronic noise.
The averaged background signal was subtracted before further
processing of the measured data. Each datapoint was averaged
between 10 and 40 times, depending on the measurement.

The total flow and pressure in the reactor were chosen such
that an average, linear gas-velocity of ~13-19 cm s ' was
achieved, ensuring that the gas in the photolysis region was
replenished between laser pulses. For measurements in
helium, the linear velocity was 5 or 6.6 cm s~ ' and the laser
repetition rate was reduced to 5 Hz, to ensure complete gas
exchange.

2.2 In situ absorption spectroscopy: The absorption cross-
section of CH;0NO, at 213.86 nm

As the experiments were performed under pseudo first order
conditions, accurate rate coefficients depend on accurate
measurement of the concentration of the excess reactant. The
concentration of methyl nitrate was therefore determined on-
line, downstream of the reactor by optical absorption using a
dual-beam absorption cell (path length 34.8 cm) equipped with
a low-pressure Zn-lamp and interference filter (214 + 5 nm) to
isolate the 213.86 nm line. The temperature (close to room
temperature) and pressure (a few percent lower than in the
reactor) in the absorption cell were also measured and used to
make corrections for gas-density differences in the reaction and
absorption cell. Optical density (OD) due to CH3;0ONO, was
converted to a concentration using the Beer-Lambert expres-
sion (1) and an absorption cross-section that was determined as
described below.

OD = In (Io/1) = G213.46  [CH,0NO,] (1)

021386 1S the CH3;0ONO, absorption cross-section (cm2
molecule ™),  is the absorption path-length and I, and I are
the transmitted light intensity without and with absorber,
respectively and [CH;ONO,] is the concentration of methyl-
nitrate (molecule cm ™).

To measure the absorption cross-section, the absorption cell
was first filled with N, to determine I,. Subsequently, static
samples of CH;0ONO, in N, at different pressures were intro-
duced into the cell from a storage bulb and the optical absorp-
tion was recorded. Two different storage bulbs (0.482% and
0.728%) made up using samples of CH;0ONO, from two differ-
ent syntheses (~ one month apart in time) were used to check
for reproducibility. The storage bulbs were prepared using
standard manometric methods with 10 and 1000 torr capaci-
tance manometers with quoted accuracies of better than 1%o.
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Fig.1 Optical density (OD) plotted against concentration of methyl
nitrate (molecule cm™) multiplied by path length { (cm). The slope of
the corresponding, weighted linear regression yields an effective absorp-
tion cross-section of agiiGno, = (1.65£0.09) x 107'* em® molecule™".
The error is 26 and includes an estimate of systematic uncertainty.

Fig. 1 presents the results from 17 determinations of optical
density at room-temperature. The slope of the weighted,
linear regression gives an absorption cross-section of ¢,13.g6 =
(1.65 £ 0.09) x 10~ % ecm® molecule ', where the uncertainty is
20 and includes as assessment of systematic bias (2%) which
stems predominantly from uncertainty in the CH;ONO, mixing
ratio and thus [CH;0ONO,]. In addition, minor contributions
stem from uncertainty in the optical path-length (<1%) and in
determination of the optical density (0.05-1.5%). As an inter-
ference filter with a finite FWHM was used to isolate the
213.86 nm Zn-line, our cross-section should strictly be regarded
as an “effective” cross-section since weaker atomic lines may
also be detected. Our cross-section is significantly larger than
the value of 3.04 x 10~ *° ecm?® molecule * at 213.99 nm reported
by Taylor et al.™® but is similar to a value of 2.16 x 10~ '® cm?
molecule™" at 214.01 nm measured by McMillan et al. and
reported by Calvert and Pitts."* More importantly, our value is in
excellent agreement with the more recent determination of Taluk-
dar et al,"® who obtained 0,35 = (1.67 £ 0.08) x 107 cm?
molecule ! using a Zn-lamp. We conclude that our cross-section is
approriate for converting in situ optical density measurements to
accurate concentrations of CH;ONO,.

2.3 Determination of impurities in the CH;0NO, sample

As the reaction between CH;0NO, and OH is slow, the presence
of reactive impurities can bias the rate coefficients obtained to
higher values. Likely impurities are CH;OH and HNO; which
are involved in the synthesis of CH;ONO, as well as NO, and
HONO. Initial measurements revealed the presence of low
levels of HNOj; in the CH3;0NO, samples. In order to eliminate
this (and other acidic gases) the sample flow was passed
through ~20 cm of PFA tubing containing nylon before enter-
ing the reactor. In some experiments (in which methyl nitrate
itself was used as OH source) CaCO; was used to remove HNOj;.
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Table 1 Impurities and their contribution to the OH decay coefficient
Impurity Fraction® kimpurityb Contribution to k' (%)
HNO; <0.01 1.5 x 1071 <0.06
CH,;0H <0.01 9.0 x 107 *? <0.38
HONO <0.03 6.0 x 1072 <6.80
NO, <0.03 4.2 x 1071% <4.78

“ Relative concentration of impurity (in %) of the CH;ONO, concen-
tration. ” Rate coefficient (cm® molecule™ s™') at room temperature.
¢ Calculated for a pressure of 135 torr.

Following each new synthesis of CH;0ONO,, levels of HNO;,
HONO, CH;0H and NO, were determined using a combination
of IR and UV/Vis absorption spectroscopy. An FTIR (Bruker
Vector 22) spectrometer coupled to an absorption cell of 45 cm
pathlength'® and equipped with an external MCT detector was
used to determine impurity levels of HNO; and CH;0H in a
flowing mixture of CH;ONO, in N,, as used in the kinetic
experiments. Generally, 32 spectra at a resolution of 1 cm™*
(acquisition time &~ 1 min) were co-added to measure absorp-
tion in the 700-3750 cm ™' range. HONO and NO, impurities
were investigated using multi-pass (I = 880 cm) UV/Vis absorp-
tion spectroscopy (346-518 nm) using a H4-lamp light source
coupled to a CCD detector (Andor DU420A-OE) and a 0.5 m
monochromator (BM50) with 300 lines mm ' grating. The
spectral resolution (FWHM of a Hg line from a low-pressure
discharge lamp) was 0.5 nm.

The results of the impurity determinations (none were
detected and upper limits were established) are summarized
in Table 1, which shows that the rate coefficients obtained were
not significantly influenced by impurities in the CH;0NO,
sample.

2.4 OH sources

During the course of this study, three different sources of OH
were tested. The photolysis of HONO at 351 nm (R6) and the
photolysis of H,0O, at 248 nm (R7) both generate OH in the
ground vibrational state.'” The photolysis of CH;ONO, at
248 nm is an indirect source of OH"® via formation of H atoms
(R8b) and (R9).

HONO + hv (351 nm) — OH + NO (R6)
H,0, + hv (248 nm) — 20H (R7)
CH;0NO, + hv (248 nm) — CH30 + NO, (R8a)
CH;0NO, + hv (248 nm) — H + CH,0ONO, (R8b)
H + CH;0NO, — OH + CH;ONO (R9)

In Section 3.2 and 3.3, we describe how the OH-decays
obtained using the 248 nm photolysis laser (i.e., (R7) or (R8b)
and (R9)) are strongly influenced by secondary reactions invol-
ving CH;0 and NO, resulting from the photolysis of CH;ONO,.
Only data obtained using the photolysis of HONO at 351 nm
(a wavelength at which CH30NO, no longer absorbs signifi-
cantly) were used to derive the rate coefficient for the title
reaction.

This journal is © the Owner Societies 2024
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2.5 Chemicals

The synthesis of CH;ONO,, the nitration of methanol with
HNOj;, was carried out according to Black and Babers'® but
with a modification of the purification step. ~62 mL of Nitric
acid (HNOjz; Sigma-Aldrich, >65%) was pre-cooled (ice bath) in
a 250 ml Erlenmeyer flask. ~31 mL of Methanol (CH3;0H;
Sigma-Aldrich, >99.9%) was pre-cooled in a 100 mL Erlen-
meyer flask. ~62 mL of sulphuric acid (Roth, 98%) was added
to the nitric acid. The remaining sulphuric acid was added to
the methanol using a dropping funnel with vigorous stirring,
whereby a temperature of 14 °C was not exceeded. The CH;OH/
H,SO, mixture was then added. The temperature of the mixture
increased to about 45 °C and was subsequently kept between
32 °C and 35 °C for about 15 minutes. The mixture was then
rapidly cooled in an ice-water bath for 5 minutes and then
transferred to a separating funnel. The aqueous phase and part
of the organic phase were discarded.

The unwashed methyl nitrate was transferred to a bubbler
and N, was bubbled through the liquid for about 15 min to
remove any dissolved methanol. The liquid was then vacuum-
distilled through a drying tube with CaCl, (Roth, >94%,
dehydrated) before the transmitted gas was trapped in a cold-
finger at liquid nitrogen temperature. The methyl nitrate was
then subjected to repeated freeze-pump-thaw cycles at
—196 °C. Nitrogen (N,, Air-Liquide, 99.999%) and helium (He,
Westfalen, 99.999%) were used as buffer gases in the experi-
ments. HONO was prepared in situ by adding 5-10 drops of
0.1 M NaNO, solution (Roth, >98%) into a 20 wt% H,SO,
solution (Roth, 98%). Hydrogen peroxide (H,O,; AppliChem,
35%) was vacuum distilled to >90% purity.

3 Results and discussion

In all experiments, the methyl nitrate concentration was 5-6
orders of magnitude larger than that of OH (typically 1 x 10"
molecule cm®) and pseudo-first order conditions prevailed.
The decay of OH can therefore be described by

[OH], = [OH],exp(—k't) (2)

where [OH], is the OH concentration at time ¢ after the photo-
lysis laser pulse, [OH], is the initial OH concentration and &’ is
the first-order decay coefficient. The latter is defined as:

k' = ky[CH;0NO,] + kq (3)

where k, is the bimolecular rate coefficient (cm® molecule " s~ ) of
the reaction of methyl nitrate with OH and k4 (s ') accounts for
diffusion of OH from the detection zone and its reaction with H,O,
or HONO.

3.1 Generation of OH from HONO photolysis at 351 nm

Fig. 2 shows an example of the OH fluorescence signal plotted
against time after the excimer laser pulse. The typical
HONO concentration in this experiment is approx. 1.5 x 10"
molecule cm 3, which results in an initial OH concentration of

~1 x 10" molecule cm . As expected (eqn (2)), the decay of
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View Article Online

PCCP
T = 298K; [CH3ONO>] (molecule cm~3):
= 1.39e+16 « 8.36e+15 . 2.16e+16
1.89e+16 « 2.66e+16 ¢ 3.76e+16

relative OH-LIF Signal

time (ms)

Fig. 2 OH-LIF signal (datapoints) with mono-exponential fits (solid lines)
plotted against time after the photolysis laser pulse. Data were obtained
using HONO as OH source at room temperature, the pressure was
134.0 torr (N, bath-gas).

OH is exponential (over 2 orders of magnitude). Decay coeffi-
cients (k', s~ '), obtained by least-squares-fitting of eqn (2) to the
OH-decays, are plotted against the respective concentration of
CH;0NO, in Fig. 3. A linear dependence of k¥’ on the CH;0NO,
concentration (eqn (3)) was observed under all experimental
conditions, enabling derivation of k4(7). Variability in the y-axis
intercept of ~200-250 s~ reflects slight changes in the HONO
concentration between experiments at different temperatures.
Prior experiments indicate that the contribution of diffusion to
k' is circa 50-100 s, depending mainly on the pressure (or
bath gas) and the flow rate. As the rate coefficient for the
reaction between OH and HONO is 6.0 x 10> cm® molecule ' s™*

B 343K

1500¢ A 298K 1
e 232K

1000

k' (s71)

500

0 1 2 3 4
[CH30NO,] (molecule cm~3)

Fig. 3 First-order OH decay-coefficient (k') plotted against the corres-
ponding methyl nitrate concentration [CHzONO,] (data obtained using
HONO as the OH precursor). The slope of the linear regression (orange:
k(298 K) = (2.31 £ 0.15) x 10~* cm® molecule™ s~ green: k(232 K) =
(7.78 +£ 0.92) x 107 cm® molecule™ s7% k(343 K) = (3.62 £ 0.22) x
107" cm® molecule™ s7Y) is the rate coefficient k, under these experi-
mental conditions. Error bars represent 2¢ statistical uncertainty.

lel6
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Table 2 Experimental conditions and rate coefficients (k) for the reaction OH + CH3sONO,

T (K) p (torr) k4 (107** em® molecule " s7%) Aks® (107" em?® molecule ™ s77) Bath gas
223.3 101.2 0.84 0.07 He
231.7 134.6 0.78 0.09 N,
239.6 134.3 0.87 0.09 N,
247.3 135.7 1.05 0.10 N,
251.5 134.8 1.28 0.05 N,
259.7 127.0 1.42 0.07 N,
266.0 136.3 1.49 0.10 N,
268.7 135.2 1.56 0.10 N,
276.2 134.8 1.69 0.09 N,
282.2 135.1 1.86 0.12 N,
289.0 135.1 2.07 0.15 N,
294.2 101.6 2.28 0.11 He
294.5 135.5 2.21 0.20 N,
295.2 98.8 2.14 0.13 N,
295.8 133.5 2.39 0.08 N,
296.2 99.1 2.41 0.15 N,
296.7 201.0 2.48 0.15 N,
297.5 135.1 2.34 0.17 N,
297.7 400.4 2.12 0.30 N,
298.0 134.0 2.31 0.15 N,
298.2 68.5 2.23 0.18 N,
317.8 135.2 2.78 0.19 N,
342.7 135.4 3.62 0.22 N,

Notes: All rate coefficients were obtained using the 351 nm photolysis of HONO as OH-source. “ Uncertainty is 20, statistical only.

(at room temperature), the approximate HONO concentration
can be calculated to be < 4 x 10" molecule cm™>. This is
consistent with the concentration obtained using the weak
absorption (OD < 1 x 10 %) observed at 213.86 nm (¢ =
1.8 x 107" cm™® molecule®) when adding HONO in the
absence of CH;0NO,.

Within experimental uncertainty, variation of the pressure
or bath-gas (N, or He) (for a given temperature) had no effect on

e OH from HONO
A OH from CH30NO,
= OH from CH30NO, (t>1700 us)

T (K)
340 320 300 280 260 240 220

le—14
4

w

N

=
T

k4 (cm3 molecule™? s71)

3.00 3.25 3.50 3.75 4.00 4.25 4.50
T-1 (K1) le-3

Fig. 4 Arrhenius plot of k4 versus inverse temperature. In blue: k4 from
generation of OH from HONO photolysis at 351 nm. In red, the exponen-
tial fit to the data with 2¢ confidence limit. In green: k4 from generation of
OH from CH3ONO, photolysis at 248 nm. In purple: k4 from generation of
OH from CH3zONO, photolysis at 248 nm considering only data at
t>17ms.
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the rate coefficient, which is thus independent of pressure or
collision partner within the range of pressures (69-400 torr N,,
100 torr He) investigated in this study. Variation of the excimer-
laser fluence over a factor 30 also had no significant influence
(£3%) on the OH decay coefficient, showing that reactions of
OH with primary and secondary products of the title reaction
do not contribute significantly to its loss. A complete list of the
values of k, obtained under various experimental conditions is
given in Table 2 and plotted in Arrhenius form in Fig. 4. The
regression through the data points is described by k,(7) = 7.5 X
107" exp[(—1034 + 40)/T]. The average, room-temperature
(296 + 2) K rate coefficient is 2.32 x 10~ ** cm® molecule * s~
The total uncertainty associated with the rate coefficients obtained
(and derived from the Arrhenius expression), is dominated by
uncertainty in the concentration of CH;ONO, and is estimated to
be ~ 5% (see ESL Section S4).

— o.06l T = 295K
© - [CH30NO>] (molecule cm™3)
-UE; = 2.06e+16 <+ 7.66e+15
w i . 7.38e+15 - 1.21e+16 |
L 0.04
T « 1.64e+16 « 7.84e+15
(@)
(0]
= 0.02¢ 1
©
2 o

0.00} l ‘ ‘ | "'.'Zi.' :s:;:-: |

0.0 2.5 5.0 7.5 10.0 12.5 15.0
time (ms)

Fig.5 OH formation and decay when different concentrations of
CH3ONO, were photolyzed at 248 nm.
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3.2 Generation of OH from CH;ONO, or H,0, photolysis at
248 nm (298 K)

As described above, the photolysis of methyl nitrate at 248 nm
indirectly produces OH. Based on the CH;0NO, concentration,
the laser fluence and the photolysis quantum yields at
248 nm," between 8 x 10% and 2 x 10° molecule cm > of OH
are generated via R8 and R9 when [CH3;0ONO,] is varied from
7.4 x 10" to 2.1 x 10" molecule cm>. At the same time
1.4 x 10" to 3.9 x 10! molecule cm™ of NO, and CH;O are
formed.

Fig. 5 displays OH time profiles from the photolysis of six
different concentrations of CH3;ONO,. The OH decays are bi-
exponential, with well separated production and loss terms.
The rapid production of OH (via R9) is followed by a slower
decay as OH is lost (mainly) via R4. The solid lines are fits to the
data according to:

k/

[OH],= [CH30NO;], ﬁ(exp(—k;t) —exp(—kyr))  (4)
where ki is the pseudo-first order term dominated by H-atom
loss via its reactions with CH;0NO,(R9). In principle, values of
k, and ko can be extracted from the data by plotting &, and kj
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Fig. 6 First-order rate coefficients k’ for OH generation and loss derived
from the bi-exponential fits (eqn (4)) to OH profiles obtained by photolysis
of CHzONO, at 248 nm and plotted against the corresponding methyl
nitrate concentration [CHsONO,] in molecule cm™3. Error bars represent
20 statistical uncertainty. The solid lines are linear regressions where the
slopes correspond to the rate coefficients k4 (upper panel) and kg (lower
panel).

This journal is © the Owner Societies 2024

View Article Online

PCCP

versus the concentration of CH;0ONO, as displayed in Fig. 6.
From the regression slopes we derive k,(298 K) = (1.37 £ 0.19) X
10" and k(298 K) = (1.68 & 0.45) x 10~ ** cm® molecule ' s ™.
The y-axis intercept of 75 4+ 22 s ' for the plot of k) versus
[CH;0NO,] is consistent with diffusive losses of OH. The much
larger intercept for the plot of k{ versus [CH;ONO,| stems from
H-atom diffusion and possibly reaction of H atoms with O,
present as impurity.

The value of k, thus obtained is a factor &~ 1.6 lower than the
average room-temperature value (2.32 x 10 ** em® molecule ' s ")
obtained in the experiments in which OH was generated by the
351 nm photolysis of HONO. A different data treatment, in which
only the latter part of the bi-exponential profile (¢ > 1700 us)
was analysed (i.e. after all H atoms have been converted to OH
via reaction with CH3ONO,) results in a rate coefficient of (1.65 +
0.10) x 10~** em® molecule™" s~*, which is also lower (factor 1.4)
than that obtained using HONO photolysis. As the photolysis of
CH;0NO, at 248 nm results mainly in the formation of CH;O
and NO, and OH reacts rapidly with both (X(OH + NO,) = 3.6 X
10~" em® molecule * s7*° and k(OH + CH;0) = 3 x 10! cm®
molecule™* s~ at 298 K and 100 torr), the unavoidable presence
of CH;0 and NO, would be expected to result in an overestimation
of the rate coefficient via this method. In the ESIT we use numerical
simulations to examine the impact of secondary reactions and the
effect of simultaneous detection of both OH and CH;0 (resulting in
“OH” profiles that are not perfectly bi-exponential). Clearly, the
photolysis of CH;0NO, with complex secondary chemistry does not
lend itself to accurate measurement of the OH-rate coefficient. As
shown in Fig. 6, the linear relationship between k' and [CH;0NO,]
enables us to derive an approximate rate coefficient (ko) for the OH-
forming reaction of H + CH3;ONO,. Our result is k(298 K) =
(1.68 + 0.45) x 10~ ecm® molecule ' s, where the uncertainty
is 20, statistical only. This result is in good agreement with that
reported by Talukdar et al. ™ using an almost identical method and
similar analysis.

The photolysis of H,O, is commonly used as a source of
prompt OH radicals in PLP-PLIF experiments. The generation
of OH via 248 nm photolysis of H,0, in the presence of
CH3;0NO, does however not result in exponential OH decays.
The more complex behaviour compared to that observed when
using HONO at 351 nm as OH precursor is related to the
photolysis of CH;0ONO, at 248 nm (see above). Values of &’
obtained using this method were strongly dependent on the
248 nm pulse energy and no linear relationship with the
concentration of methyl nitrate was found. Clearly, as
described above for experiments in the absence of H,0,, the
photolysis of methyl nitrate at 248 nm precludes a straightfor-
ward analysis of the OH-profiles thus obtained.

3.3 Comparison of k, with literature values and the CH;ONO,
atmospheric lifetime

The low rate coefficient for the reaction of OH with CH;ONO, is
consistent with the reaction proceeding via H-atom abstraction
from the methyl group, with each C-H bond contributing about
1 x 107 em® molecule ™ s~ to the rate coefficient at room
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Table 3 Comparison with previous determinations of k4
Source k4 (cm® molcule ' s7) T (K) Method
This work (2.32 4+ 0.04) x 10~ 296 + 2 PLP-PLIF
7.5 x 107" x exp[(—1034 + 40)/T] 223-343
Gaffney et al.’ (3.4 +0.4) x 107" 298 DF-RF
Nielsen et al.*® (324 0.5) x 107" 298 4+ 2 PR-RA
8.8 x 107 x expg(loso + 180)/7] 298-393
(3.14+0.7) x 107" 298 + 2 RR
Talukdar et al.® (2.36 + 0.16) x 10~ 298 PLP-PLIF
8.2 x 107" x exp[(—1020 £ 60)/T] 221-414
Shallcross et al.*® (4.7 £ 1.0) x 107" 298 DF-RF
4.1 x 10" x exp[(—604 + 121)/T] 298-423
Kerr and Stocker*’ (3.8+1.0) x 107" 303 + 2 RR
Kakesu et al.’ (3.0+0.7) x 107 307 + 3 RR

PLP-PLIF = Pulsed laser photolysis/pulsed laser induced fluorescence; DF-RF = discharge flow/resonance fluorescence; PR-RA = pulse radiolysis/

resonant absorption; RR = relative rate.

temperature. Kinetic isotope effects® confirm that H-atom
abstraction is the only significant pathway for the title reaction
in the temperature range representative of our atmosphere.

In order to compare our rate coefficients and their tempera-
ture dependence with literature values, we consider only our
data measured using the photolysis of HONO at 351 nm, which
are not biased by complex secondary processes involving photo-
fragments of CH3;ONO,. Table 3 and Fig. 7 compare the room
temperature rate coefficients and Arrhenius expression
obtained in this work with those reported in the literature.

Absolute rate coefficient measurements. When considering
only those studies that used absolute methods, our room-
temperature rate coefficient is essentially identical to that of
Talukdar et al.,® but factors of 13, 1.4 and 2 lower than those
reported by Nielsen et al,'® Gaffney et al® and Shallcross
et al.," respectively. For slow reactions such as OH + CH;ONO,,

= this work

¢ Kerr and Stocker (1986)
Gaffney et al. (1986)

¢ Nielsen et al. (1991)

* Kakesu et al. (1997)
* Shallcross et al. (1997)
o Talukdar et al. (1997)

T (K)
440 400 360 320 280 240
ol
1%}
Ii) 10—13,
=}
o
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S
£
m
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S
g 10—14_
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T-1 (K1) le-3

Fig. 7 Arrhenius plot of k4 versus inverse temperature. The rate coeffi-
cients and experimental conditions of the present work can be found in
Table 3.
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reactive impurities and secondary reactions of OH (e.g. with
products or photo-fragments) can bias the rate coefficients
derived from absolute methods to higher values. In the study
of Nielsen et al. (the only one to report a negative dependence
of k4 on temperature), the pulse-radiolysis technique generated
not only very high concentrations of OH (~10" molecule cm )
but also would have caused substantial fragmentation of
CH;3;0NO, (e.g. to CH30 and NO,). This probably explains the
very large rate coefficient and anomalous temperature depen-
dence observed.

The other temperature-dependent studies report a positive
dependence on temperature, with values of E/R (in K) varying
from —1054 (this work) to —1020 (Talukdar et al.®) and —604
(Shallcross et al.'"). While the two studies using the “wall-free”
method of PLP-PLIF agree extremely well, the flow tube study
of Shallcross et al. has a substantially weaker dependence on
temperature. Close examination of their data set (5 data points
all at T > 298 K) reveals considerable scatter in k4, which is also
seen in their plots of k' versus [CH;0ONO,]. We speculate that the
difference in slope reflects changes in the wall loss rates of OH,
which were determined at room temperature only. As men-
tioned above, absolute rate studies of slow reactions require
that very pure samples are used. In this study and that of
Talukdar et al.,® spectroscopic checks were made to exclude the
presence of specific reactive impurities. In the studies of
Gaffney et al® and Shallcross et al.,"' the sample purity was
determined to be > 99%, but no attempt was made to detect
impurities such as HNO;, NO, or CH3;OH. Perhaps more
pertinent however, is the fact that the two studies that utilized
in situ (optical absorption) measurement of CH;ONO, are in
excellent agreement. In situ measurement of the concentration
of the excess reactant removes uncertainty associated with
calculating [CH;0NO,] from partial flows, pressures and varia-
tions in the mixing-ratios in storage bulbs. The fact that both
this work and Talukdar et al® measured absorption cross-
sections for CH;0NO, at 213.86 nm that are in almost perfect
agreement strongly suggests that the excellent agreement in the
values of k, reported by these two groups is not fortuitous, but a
result of multi-diagnostics and careful execution of the experi-
ments, leading to derivation of the true rate coefficient.
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Relative rate coefficient measurements. In principle, the
relative rate measurements (all close to room temperature)
should not be biased by reactive impurities in the CH;0NO,
sample, yet the results of the three relative-rate studies are
highly divergent. The very large rate coefficients measured by
Nielsen et al.'® and Kerr and Stocker® can be traced back to an
inappropriate choice of reference reactants, which ideally
should react with rate coefficients that are similar to the target
molecule. The use of 2-methylpropane (kom+2-methyipropane =
2.1 x 107" em® molecule™" s7'°) and ethene (komethene =
7.8 x 10~ "* cm® molecule ' s™' at 1 bar’) by Nielsen et al.*® and
Kerr and Stocker,”® respectively, would have made relative
depletion rates of the reference and target molecule difficult
to measure and also prone to other loss processes of CH;0NO,.
In the relative rate study of Kakesu et al,® the more slowly
reacting reference trace-gases, methane (kop+methane = 6.4 X
107" cm® molecule " s7'°) and ethane (kom+ethane = 2.4 X
10~"* cm® molecule " 5" *) were used. Those authors derived a rate
coefficient at 307 K of (3.0 + 0.7) x 10~ ** cm® molecule * s,
Within combined uncertainty, this value agrees with the absolute
rate coefficient derived in the present study for the same tempera-
ture: of k4(307 K) = (2.7 + 0.4) x 10~ cm® molecule ' s,

Atmospheric lifetime of CH;0ONO, with respect to reaction
with OH. As the rate coefficient for the title reaction is inde-
pendent of pressure under all conditions of the Earth’s lower
atmosphere (i.e. the troposphere and lower stratosphere) we
use the Arrhenius expression derived from our experiments
using HONO as OH source: k4(T) = 7.5 x 10~ exp(—1034/T) to
calculate the lifetime of CH;0NO, with respect to OH loss. For
this we assume an altitude independent, global mean OH
concentration of 1 x 10° molecule cm ™ ®>' The lifetime of
CH;0NO, w.r.t. OH reaction at different altitudes is plotted
in Fig. S5 (ESIT) and varies from circa 500 days at ground level
to > 1000 days at 10 km. Photolysis rate coefficients for
CH;ONO, vary from ~3 x 1077 s ' to 5 x 1077 s~ * in the
boundary layer and lower stratosphere,'” respectively, resulting
in lifetimes with respect to photodissociation of close to
1 month. Our data thus confirms the conclusion of Talukdar
et al.™ showing that reaction with OH is a minor sink of
CH;ONO, in the atmosphere. This is in contrast to the conclu-
sions of Nielsen et al.'® and Kerr and Stocker*® who (based on
too-high rate coefficients) suggested that reaction with OH is
important.

4 Conclusions

Motivated by greatly divergent reports of the rate coefficient for
the reaction of OH with CH;0ONO,, we have determined the rate
coefficient using pulsed laser photolysis-laser induced fluores-
cence. High-quality kinetic data were obtained when measures
were taken to avoid the photolysis of CH;0NO,. Our result, a
positive dependence of the rate coefficient on temperature
described by k4(T) = 7.5 x 107 "® exp[(—1034 + 40)/T], is in
close agreement with that reported by Talukdar et al..® Both
studies used in situ measurement of [CH;ONO,] using
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independently determined absorption cross-sections that
agreed with 1.2%. The divergent results obtained by other
groups are rationalised in terms of choice of OH source or
reference reactant and data corrections.
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