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Abstract

In situ measurements of oxygenated volatile organic compounds (OVOC) in the upper troposphere—lower stratosphere (UTLS) have gained
strong interest because these compounds may be transported during convective events to the UTLS, where they may contribute to the HO, budget
thus influencing the chemistry of ozone. With the aim to quantify OVOC of similar mass (58 u) by chemical ionization mass spectrometry (CIMS),
ion—molecule reactions of acetone and glyoxal with O,* and NO* have been studied. O, reacts at the theoretical collision rate with acetone and
glyoxal, with room-temperature rate constant values of (3.1 40.7) x 107° and (1.8 £0.4) x 10~ cm® molecule ™! s~!, respectively, independent of
pressure. The charge transfer product ion (m/z 58) and a specific fragment product ion are formed for each reaction. NO* reacts with acetone and
glyoxal with a rate constant lower than the collision rate in N, buffer gas at 1.7 hPa, leading to the formation of the association product in both cases
as single reaction product. The rate constants increase with pressure at 295 K for both ranges of 1.2-19.2hPa N, and 1.3-2.6 hPa He, indicating a
falloff kinetic regime. These results are analysed using conventional statistical calculations. Consistency of the rate constants is obtained for both
buffer gases and pressure ranges employed, and high-pressure limits are in agreement with the collision rate constants. Troe analytical expressions
of the rate constants are derived for use under any pressure and temperature. From the reaction kinetics and mechanisms obtained in this study and
others, a scheme is discussed to quantify separately acetone, glyoxal, and propanal in the UTLS by CIMS, using NO*, O,*, and H;O" as reagent
ions, taking into account potential interferences from other important OVOC such as acetaldehyde and from non-methane hydrocarbons such as
n-propane, butane and 2-methyl propane.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Measurements of oxygenated volatile organic compounds
(OVOC) in the upper troposphere—lower stratosphere (UTLS)
are very sparse and limited to a few species [1-5]. OVOC play
a significant role in the chemical and radiative properties of the
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UTLS since many of them are photolysed in the UTLS, provid-
ing additional sources of HO, and peroxy radicals and thereby
influencing the mixing ratio of ozone, an important greenhouse
gas in this atmospheric region [6]. It has been estimated [6]
that the HO, source in the UTLS from the reaction of O('D)
(generated by ozone photolysis) with water vapour becomes
insignificant relatively to the HO, produced through photolysis
of acetone, hydroperoxides (ROOH) and aldehydes (RCHO),
as soon as water vapour volume mixing ratios are less than
100 ppm. The relative contribution among these OVOC is a mat-


mailto:Valery.Catoire@cnrs-orleans.fr
dx.doi.org/10.1016/j.ijms.2007.03.006

C. Guimbaud et al. / International Journal of Mass Spectrometry 263 (2007) 276-288 277

ter of debate since only few measurements are achieved so far
and most of them are not accurate enough. In the tropical UTLS,
many OVOC are not produced in situ but transported by deep
convection. Since convective injection of HO, precursors and
NO, occurs simultaneously, ozone can be produced efficiently.
In situ measurements of OVOC in the UTLS with fast integra-
tion time analytical techniques are required during convective
events.

Chemical ionization mass spectrometry (CIMS) is estab-
lished to be a sensitive technique for the detection of
most OVOC, and proton transfer reaction mass spectrometry
(PTRMS) using H30" as a reagent ion is the main method
employed [7]. However, PTRMS is unable to distinguish
between isobaric molecules (i.e., species of same molecular
mass) leading to an ambiguous detection of atmospheric species.
Acetone, which is one of the major OVOC contributing to the
upper tropospheric HO, budget, has been measured throughout
the 0—12 km altitude range over the rain forest in Surinam dur-
ing the LBA-Claire campaign [8—10] using PTRMS. Williams
et al. [10] mentioned that propanal and glyoxal could also con-
tribute to the same signal, because these OVOC with a molecular
mass of 58 u, all give proton transfer product ions with the same
m/z 59 when reacting with H3O* [11,12]. Acetone, propanal,
and glyoxal atmospheric lifetimes are very different: 5 weeks,
9h [13], and 1h [14], respectively. Propanal and glyoxal are
therefore expected to be much less abundant than acetone in
the UTLS, unless recent production from oxidation of VOC or
directinjection into the UTLS during fast convective events takes
place. In order to discriminate acetone from other atmospheric
species of the UTLS, Kiendler and Arnold [15] have equipped
an aircraft-borne experiment with an ion trap mass spectrom-
eter providing the opportunity to carry out collision-induced
dissociation of mass selected ions to identify unambiguously
OVOC in the UTLS. The few experiments performed could not
show significant contribution of glyoxal and propanal to the 58 u
OVOC burden in the UTLS. Smith and §pané1 [16,17] have
developed the selected ion flow tube mass spectrometry (SIFT-
MS) technique for the real time identification and quantification
of many trace compounds with different chemical functionali-
ties in ground level atmospheric air and in human breath, using
NO*, Oy%, and H3O™" as reagent ions. These reagent ions often
allow separation of isobaric compounds, such as aldehydes and
ketones, and are promising candidates for the separation of gly-
oxal, acetone, and propanal in the UTLS. However, ion molecule
reaction studies of these reagent ions with acetone, and more
especially with glyoxal, are not enough documented to derive a
scheme for separate quantification of all isobaric species at 58 u
in the UTLS.

The relative importance of glyoxal among the other OVOC
in the UTLS has to be explored. Glyoxal is formed by oxida-
tion of anthropogenic and biogenic volatile organic compounds
(VOC) [18]. Measurements of glyoxal have been performed
by differential optical absorption spectroscopy [19] in Mexico
City. Volkamer et al. [20] have shown that glyoxal serves as a
novel indicator for fast VOC chemistry. Despite of its very short
lifetime (1 h) glyoxal has been recently detected by the ozone
monitoring instrument (OMI), a nadir viewing spaceborne imag-

ing spectrograph launched on board of the EOS Aura satellite
and from the SCanning Imaging Absorption spectroMeter for
Atmospheric CHartographY (SCTAMACHY) on board of ESA’s
satellite ENVISAT [21,22] over large cities and biomass burn-
ing regions. These authors argued that glyoxal could be present
in the upper troposphere coming either from oxidation of other
VOC:s or from fast convection. Jost et al. [23] reported first time
in situ observations of smoke plumes from fires and observed
a plume of air highly enriched in carbon monoxide and parti-
cles at altitudes up to 16 km in the boreal region, i.e., several
kilometres deep into the stratosphere. Biomass smoke injection
into the lower stratosphere by large forest fires has been mod-
elled by Luderer et al. [24] showing that the plume reached
the UTLS within 30 min, which is shorter than the lifetime of
glyoxal in the troposphere. Glyoxal is also directly emitted in
the UT from aircraft. Average speciation of VOC emissions
for a commercial aircraft shows that glyoxal represents almost
3% of total VOC mass emissions, slightly larger than acetone
[25].

This paper reports ion—molecule reaction studies of ace-
tone and glyoxal with O,* and NO*, demonstrating that these
reagent ions can be used in combination with H3O" to detect
acetone, propanal and glyoxal in the UTLS independently, tak-
ing advantage of the low relative humidity of this part of the
atmosphere. Atmospheric trace gas concentrations derived by
CIMS are often based on the knowledge of the rate constants
and of the product ion branching ratios determined by labora-
tory studies using flow tube reactors. Experimental kinetics and
mechanisms are investigated at LPCE (Orléans, France) with
a variable pressure flow tube reactor under laminar and tur-
bulent flow conditions, and at BISA (Brussels, Belgium) with
the complementary selective ion flow tube (SIFT) instrument
operating at low pressure and allowing accurate determination
of the product ion branching ratios. The measured rate con-
stants for the termolecular reactions of acetone and glyoxal
with NO* show pressure and buffer gas dependence. In order
to analyse the falloff curves obtained, ab initio and statisti-
cal calculations are used to derive analytical expressions of
the NO™ rate constants as a function of pressure and temper-
ature, applicable to any atmospheric conditions. A scheme is
proposed to measure separately acetone, glyoxal, and propanal
by CIMS in the UTLS using H30%*, O*, and NO* as reagent
ions.

2. Experimental and theoretical methods

2.1. Rate constants of the ion—molecule reactions and
product ion branching ratios

The LPCE flow reactor has already been described else-
where [26,27]. Briefly, the ion—molecule reactions take place in
the inner variable pressure flow tube (87 cm long x 2.3 cm i.d.)
witha2-30 STP dm> min~! (standard temperature and pressure:
T=273.15K, P=1013.25hPa) carrier gas N, flow resulting
in a pressure range of 1-20hPa. N, carrier gas flow comes
from a liquid nitrogen tank (air liquide, purity >99.9995%).
NO™* or O," reagent ions are generated in a corona discharge
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where a mixture of 2-3 STPcm? min~! of NO (stated purity
>99.0%) or O, (stated purity >99.9995%), respectively, and
of 1.5STPdm® min~! of argon are flowing. The stated purity
of argon is >99.9999% with less than 0.5 ppm of water to
minimize production of H3O" ions in the corona discharge.
The discharge is produced between a tungsten needle and a
grounded stainless steel cylinder. A permanent voltage (typ-
ically —800V) is applied to the needle and a continuous
current (typically —0.3mA) is delivered. At the downstream
end of the tube, a fraction of the reactant and product ions are
sampled and focused by ion optics through two differentially
pumped chambers, one of which containing a quadrupole ion
guide (in the radio-frequency mode only). Ions are selected
in a third differentially pumped chamber by a quadrupole
mass analyzer and detected by a secondary electron multiplier
(SEM).

The rate constants k of all ion—-molecule reactions inves-
tigated are determined by varying the neutral reagent
concentration [X], X being acetone or glyoxal, at a fixed reaction
distance z, using the pseudo-first order kinetics relationship:

n ( [R7]; ) = — kt[X] (1)
[RT1,0/)

where [R*]; and [R*],¢ are the ion (O2* or NO™) count rates
collected on the SEM in the presence and absence of the neu-
tral reagent X, respectively, and t defines the reaction time.
The reaction time t (typically 8 ms) is derived from the mea-
sured ion velocity, given the reaction distance. The ion velocity
is determined by disturbing the ion flow by an electric pulse
and synchronously recording the ion arrival time on the SEM
detector by a multichannel analyzer. The neutral reagent concen-
tration, [X], in the flow tube is determined from the knowledge of
all pressures and flows measured using calibrated MKS capaci-
tance gauges and mass flow meters.

The LPCE instrument allows for variable pressure kinet-
ics to investigate association termolecular reactions in order
to derive third-order rate constants. Experiments are per-
formed under low pressure laminar flow conditions (from
1 to 3hPa) and high-pressure turbulent flow conditions
(above 15hPa). Acetone and glyoxal concentrations were
of the order of 10°-10'2 moleculescm™3, depending on
the rate constant of the ion—-molecule reaction involved
(0.18-3.1 x 10~2 cm® molecule ! s~!), the reaction time of
7-10ms and the extent of the reaction (5-90%). The branch-
ing ratios for the product ions are obtained at low resolution
of the mass analyzer to limit mass discrimination. Precision and
uncertainties on rate constants and branching ratios are described
in later sections. Comparison is made with acetone and glyoxal
reactions also studied at low pressures (1.5 hPa) of He with the
SIFT instruments of Smith and co-workers [11,28,29] and of
BISA [12], respectively. The SIFT method provides selected
primary ions but does not allow for high-pressure kinetic stud-
ies. In addition, these SIFT instruments lead to very accurate
branching ratios values of the product ions formed, since regular
measurements with calibration gases are performed to eliminate
mass discrimination effects [30,31]. Therefore, the LPCE and

BISA apparatus provide complementary data for the investiga-
tion of ion—molecule reactions. The first one provides a wider
pressure range (1-20hPa, N, buffer) of investigation relative
to the second one (1-3 hPa, He buffer) but is less accurate for
the quantification of the mixing ratios of the product ions. New
experiments are performed with the BISA instrument, where the
reaction of NO™ with acetone is studied in helium buffer gas at
295K and at pressures ranging from 1.3 to 2.6 hPa. The exper-
imental setup has been described in detail previously [31,32].
NO* ions are produced in a microwave discharge in a mixture
of air and water vapour and mass-selected in a quadrupole filter
before being injected into the flow tube reactor. A few centime-
ters upstream the reactant gas inlet small amounts of nitrogen
are added to the helium buffer gas in order to quench possible
vibrationally excited NO* ions before they enter the reaction
zone. The acetone flow is determined from the pressure drop
in a calibrated glass volume containing a dilute mixture of ace-
tone in helium and was varied by means of a heated (315 K)
needle valve which separates the glass bottle from the flow tube
reactor. Source and product ions are sampled downstream the
reaction zone and analyzed in a quadrupole mass spectrometer.
The NO*/acetone rate constant is determined from the decay
of the NO* count rate versus acetone concentration and from
the reaction time (2.5 ms), which is determined experimentally.
The precision and the accuracy of the rate constants are at most
15% (20 level) and 20%, respectively, leading to a global uncer-
tainty of 25% for the rate constants. For product ions with a
branching ratio higher than 5%, the precision on the branching
ratio is better than 5% (20 level) and the overall uncertainty is
estimated to be 20%. The uncertainty of the branching ratios
is mainly determined by the error on the mass discrimination
measurements.

2.2. Preparation, introduction and concentration
determination of glyoxal and acetone in the flow tube

Glyoxal (CHOCHO) is prepared in a similar way as described
by Dobeck et al. [33] by decomposing its trimeric hydrate precur-
sor (Fluka, stated purity >95%) in a glass vacuum line at 490 K
in the presence of excess POs and under dry N» pressure. Dur-
ing this heating, CO impurities are removed at 370 K by flushing
away all gases from the vacuum lines via the turbo molecular
pump. Glyoxal monomer is collected in a 185K cooled trap,
after passing through two traps cooled with ice baths to remove
water vapour. Glyoxal is further purified by trap-to-trap distil-
lation in order to remove formaldehyde impurities which could
be present. The glyoxal trap is then stored in a cooling bath
(Huber, CC 180) at 220 K and under dark conditions for later
use. Mixtures of glyoxal (0.1-1 hPa) with Ny (1050 hPa, air lig-
uide: stated purity >99.9995%) are prepared by sublimation of
glyoxalina 10.37 1bulb. The cooling bath is warmed up to 250 K.
The first vapours of glyoxal are always pumped out before fill-
ing the bulb up to the desired vapour pressure (MKS capacitance
gauge 0—10 Torr; 0.001 Torr full scale range accuracy (FSR)) and
adding N, slightly above atmospheric pressure (MKS capac-
itance gauge 0-1000hPa; 0.1 hPa FSR accuracy). In order to
ensure a homogeneous mixing, the mixtures are left to stand for
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at least 3 h prior to use for ion—molecule reaction studies or for
spectral measurements to check the concentration and purity.

Since formaldehyde (HCHO) is expected to be the main
impurity from glyoxal preparation, the mixing ratios of gly-
oxal and formaldehyde in the bulb are also measured from
UV absorption spectroscopy using absorption cross sections of
formaldehyde [34] and glyoxal [14] at 285.6, 294.9, 301.25,
and 338.75nm wavelengths. Mixing ratios of glyoxal are
equal to (99.84+0.6)% (20) of the ones directly calculated
from preparation and dilution in the mixing bulb. The mix-
ing ratio of formaldehyde is always below 0.1% of the one of
glyoxal.

Glyoxal/N, mixtures are introduced in the flow tube through
a concentric line located at 94.1 cm upstream the sampling
cone of the ions. The mixture flow is regulated by a needle
valve and the pressure drop is measured as a function of time
using a MKS capacitance gauge 0—1000 hPa; 0.1 hPa FSR accu-
racy). The glyoxal concentration [glyoxal] (molecule cm™3), in
the flow tube is derived from Eq. (2) using a convenient unit
system:

10~ PerT° AP, Vp X
[alyoxal] = 0T A% FoXo @
kg Ter Ty, P° At O%fr

where Qpr is the overall mass flow rate (STP dm? min~!) of
the gases in the flow tube, Ppr the average flow tube pres-
sure in the reaction zone (hPa), AP the pressure drop in the
bulb (hPa) measured within the period of At (min), Trr the
average temperature of the gases in the reaction zone (K), Ty,
the average temperature of glyoxal in the bulb (K), Xp the
volumetric mixing ratio of the neutral reagent N in the bulb,
V4, the volume of the bulb (10.37 dm?), P° the standard pres-
sure (1013.25 hPa), T° the standard temperature (273.15 K) and
kg is the Boltzmann constant (1.381 x 10723 JK—1). The Sys-
tematic error estimated on the glyoxal concentration is 20%
(20 level) including all uncertainties in the parameters given
above.

Acetone (CH3COCH3) is prepared in two different ways.
Liquid acetone is used (Merck, stated purity >99%). In the first
method the liquid acetone is vaporized up to 1hPa (240K)
in a mixing bulb where N is added as described for gly-
oxal. Acetone concentration is then derived from the same
Eq. (2) used for glyoxal. The acetone/N, mixture is flow-
ing through the inlet port located at 94.1 cm downstream the
flow tube. In a second method (Fig. 1), the liquid acetone is
introduced in a small stainless steel reservoir. The acetone is
controlled by a liquid mass flow meter (Bronkhorst HI TEC),
07, where the flow rate varies from 0.024 to 0.48 gh’l, ie.,
from 1.55 x 107 t0 3.09 x 1073 STP dm> min~! in the case of
acetone. Acetone is mixed with Ny gas (air liquide: stated purity
>99.9995%) via Q5 (200~1000 STP dm? min~!) and delivered
to a controlled temperature evaporator mixer (Bronkhorst HI
TEC) where acetone is completely vaporized before introduc-
tionvia Q3 (1-10 STP dm? min~!) in the movable injector of the
flow tube. The flux of acetone varies within a range of 3 decades
from 10" to 10'® molecules min~! leading to a volumetric mix-
ing ratio of acetone in the flow tube between 10 ppb to 10 ppm.

Vent

LN2
N,
2 trap
Q°, Q°,
Flow tube
Movable CTEM
injector
Q°3 EPMC

Fig. 1. Setup of acetone injection into the flow tube via a movable
injector. CTEM: controlled temperature evaporator mixer (Bronkhorst
HI TEC); Q(l’: liquid mass flow meter (Bronkhorst HI TEC, 0.48gh’1
or 3.1x1073STPdm’min~! FSR); Q5: MKS mass flow meter
(1000 STPdm® min~! FSR); Q5: MKS mass flow meter (10 STP dm? min~!
FSR); EPMC: electronic pressure meter controller (El press, Bronkhorst HI
TEC).

The acetone concentration [acetone], in molecule cm™3, in the
flow tube is derived from Eq. (3) using a convenient unit system:

107 Prr Q5 05
kg Trr Q5 OFr

where QF, 03, 05 and Qg are given in STP dm? min~!. The
systematic error estimated on the acetone concentration is 15%
(2 o level) including all uncertainties in the flows involved for
the dilution of acetone. In addition, a 15% statistical error (from
experimental reproducibility) is measured with this setup and
leads to a global uncertainty of 21% (20 level) similar to the
first method for the determination of the acetone concentration
in the flow tube.

Rate constants from both methods are obtained with a global
uncertainty of 25% (20) given by the uncertainties in Eq. (1),
and adding the uncertainties on both reaction time 7t and ion
count rates.

3

[acetone] =

2.3. Ab initio and statistical calculations

The reactions of acetone and glyoxal with NO* being three
body reactions, their rate constants are theoretically pressure-
dependent. In the high-pressure limit range, the association rate
is the capture rate. But when pressure is lowered, falloff effects
come into play and the association rate becomes lower than this
capture rate. Calculation of the pressure-dependent association
rate constant is performed using conventional statistical calcu-
lations in order to reproduce experimental work in Ny as buffer
gas and to verify the consistency with the experimental data in
He. The statistical calculations were fitted to these experimen-
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Table 1
Molecular parameters for the NO* + acetone and NO* + glyoxal reactions

Vibrational frequencies (cm™!)

NO* 2084
Acetone 3045, 3044, 2988, 2981, 2934, 2927, 1753, 1458, 1441, 1437, 1433, 1359, 1357, 1198, 1087, 1053, 863.0, 860.3, 756.2, 511.1,
468.0, 361.3, 130.7, 39.05
[(CH3),CONOJ* 3068, 3067, 3008, 2997, 2938, 2931, 2098, 1585, 1444, 1432, 1414, 1403, 1359, 1348, 1236, 1075, 1052, 906.4, 868.0, 783.6,
643.7,475.0,421.1, 382.5,229.8, 132.5, 129.0, 99.69, 86.09, 65.89
trans-Glyoxal 2859, 2853, 1754, 1750, 1337, 1296, 1031, 1027, 785.4, 534.3, 321.1, 140.4
[(CHO),NOJ* 2947, 2945, 2142, 1760, 1643, 1312, 1278, 1019, 955.8, 813.3, 540.1, 483.9, 317.0, 185.6, 151.9, 114.0, 79.24, 53.92
Rotational constants (cm™!)
NO* 1.960
Acetone, 0 =2 0.163, 0.282, 0.336
[(CH3),CONOJ* 0.052, 0.063, 0.264
trans-Glyoxal, o =2 0.146, 0.159, 1.859
[(CHO),NOJ* 0.039, 0.040, 1.027
Enthalpy difference between the reactants and the adduct (kJ mol~!): AHj
NO* +acetone 189.2
NO* + trans-glyoxal 120.8

DFT-B3LYP/6-311 + G(3df,2p) calculations with a correcting factor of 0.9614 for the vibrational frequencies.

tal data and used to perform extrapolations to the atmospheric 3. Results and discussion
pressure and temperature.

Statistical calculations are carried out using the “FALLOFF” Room-temperature measured rate constants (k) for reactions
program [35], modified to introduce the 4—12 Lennard—Jones obtained in this study are presented in Table 2 and compared
potential for the centrifugal correction factors [36] and using for to the collision rate constants (ksc) calculated using the param-
the collision number Zip for the adduct per unit concentration eterized trajectory formulation of Su and Chesnavich [42] and

per unit time [37], such as given here by the Langevin rate con- updated by Su [43]. The determination of the latter requires
stant for collisions between the non-polar buffer gas and the ion the values of the dipole moment up and the polarizability o of
adduct. the neutral reactants. Table 3 contains the branching ratios of the

The structural and thermochemical parameters necessary to  productions for each ion—molecule reaction at the same pressure
perform calculations are obtained from quantum chemistry cal- and temperature (295 K) conditions.

culations and are given in Table 1. These calculations were

carried out using the GAUSSIAN 98 program package [38]. 3.1. Reactions of acetone and glyoxal with O,*

The density functional theory with the Becke’s three-parameter

hybrid functional of Lee, Yang and Parr, B3LYP [39,40], and The room-temperature measured rate con-
the basis sets 6-31G(d) for the geometry optimizations and stant for the reaction of acetone with O,% is
6-311+G(3df,2p) for the energy calculations have been used (3.1 +£0.7) x 10~? cm? molecule ™! s~ in the range 1.3-3.4 hPa
throughout. The vibrational frequencies have also been obtained of Ny (set of 21 experiments). It is in excellent agreement

in the same way and multiplied by 0.9614 [41]. with the measured ones reported by Spandl et al. [11],

Table 2

Calculated and experimental room-temperature rate constants for the reactions of acetone, glyoxal, and propanal with H;0*, NO*, and O,*

Species ot s H;0% NO* 0, Pressure (hPa)
kscb k© kscb ke kSCb ke

Acetone 6.4, 6.39° 2.88¢ 4.1 - 3.5 2.3f, 1.78 3.4 3.1f 1.7N,f, 1.5He®

Glyoxal 4.74¢ 0.012¢ 1.35 1.9 1.2 0.18,0.075" 1.1 1.8f,1.5" 1.7N,f, 1.5He"

Propanal 6.5, 6.36° 2.524 3.6 - 3.1 2.5 3.0 3.1 0.7He'!

2 Polarizability e in units of 107>* cm?® and dipole moments g in units of Debye.

b Calculated collisional rate constants ksc with units of 10~ cm® molecule ™! s~ [42,43].
¢ Experimental rate constants with units of 10~ cm® molecule™! s~

d Experimental values [59].

¢ Ab initio calculated values (B3LYP/aug-cc-pVDZ) [41].

f This work (with N, buffer gas).

& This work (with He buffer gas).

" Michel et al. [12].

i §panél etal. [11].
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Table 3
Branching ratios of product ions measured for the reactions of acetone, glyoxal, and propanal with H30*, NO*, and O,*
Species H;0% NO* 0"

Product ions amu B.R. (%) Product ions amu B.R. (%) Product ions amu B.R. (%)
in C3HgO-H* 59 1008 NO*.C3HgO 88 100%° C3HgO* 58 622, 60°
Acetone, CH3COCHj3 CoH;0* 43 382, 40°

C,H,02-H* 59 98 NO*.C;H,0, 88 100 C,H,0,* 58 49
Glyoxal*¢, CHOCHO 2 HCHO* 30 48

HCO* 29 3

C3HgO-H* 59 100 C3Hs0* 57 100 C3HgO* 58 50

b
Propanal®, C,H;CHO C3H50* 57 50

B.R. (%): branching ratio of the product ions in percent.
@ This work (1.7 hPa N»).
b gpanél etal. [11].
¢ Michel et al. (1.5 hPa He) [12].

(2.74£0.5) x 10~2 ¢cm3 molecule™! s~!, and Smith et al. [29],
(3.14+0.6) x 1072 cm® molecule ! s~!, obtained at 300K
in 0.7hPa of He and relative to the rate constant of acetone
with H3O", and with the calculated collision rate constant,
(344£0.7) x 10~2 cm?® molecule~! s~!. The reaction proceeds
by non-dissociative and dissociative charge transfer,

CH3COCH3 + 0,7 — CH3COCH3' + 0, (4a)
CH3COCH; + 0,7 — CH3CO' +CH;3 + 0, (4b)

The non-dissociative charge transfer product ion (CH3COCH3,
m/z 58) and the fragment product ion (CH3CO™*, m/z 43) are
observed in 1.7 hPa in Nj, with branching ratios of 62 4= 7% and
38 = 7%, respectively, where quoted uncertainties are global,
including experimental scatter (20, 7 sets of experiments) and
maximum mass discrimination of 15%. This result is similar to
the one given by Spanél et al. [11], who found 60% for channel
(4a) and (40)% for channel (4b), in 0.7 hPa of He. Moreover,
no significant pressure dependence of these branching ratios is
observed in our experiments conducted in N between 1.3 and
3.4 hPa, confirming the absence of buffer gas effect, as antici-
pated by comparing our results with those of Spanél et al. [11].
The occurrence of the non-dissociative charge transfer chan-
nel (4a) is consistent with the fact that the ionization energy
of acetone, 9.703 eV is smaller than the ionization energy of
0,",12.07 eV [41], giving a reaction exothermicity of 2.367 eV
(228 kJmol~!) which is a good indication that the reaction
is exergonic (AG<0) as the entropy change is usually low
(T AS<10kJmol~! at room temperature) for charge transfer
reactions [44]. Dissociative channel (4b) is also exothermic
by 1.70eV (164 kJ mol~!), given the appearance energy of the
acetyl cation CH3CO™ from acetone (10.37 eV [41]).

The measured reaction rate constant for the reaction of
glyoxal with O,* is (1.8+0.4) x 10~ cm® molecule ™! s~!
in N, buffer gas at 1.7hPa and is in agreement with
the one measured with the BISA SIFT instrument,
(1.54+0.4) x 1072 cm® molecule~!'s~!, in He buffer gas
at 1.5hPa [12]. This result gives confidence in the valid-
ity of other kinetic data obtained for the same molecule
with NO* ion in both LPCE and BISA instruments. This

rate constant is slightly higher than the calculated one,
(1.1£0.2) x 1072 cm® molecule ! s™!, in the staggered
(trans) conformation. It is to be noted that this one is derived
from ab initio calculations (B3LYP/aug-cc-pVDZ) of the
polarizability and dipole moment [41], whereas that of acetone
is inferred from experimental values of these parameters.
The comparison is made with the staggered conformation
since it is the most stable form of glyoxal with a fractional
population more than 99.9% at 295 K [45]. Since its permanent
dipole moment is almost equal to zero, it corresponds to the
Langevin capture collision rate constant. Therefore, no pressure
dependence for the rate constant is expected, which is indeed
observed in the range 1.7-18.6 hPa (with 2.2 and 10.7 hPa as
intermediate pressures).

The reaction proceeds by non-dissociative and dissociative
charge transfer,

CHOCHO + 0,7 — CHOCHO™ + 0, (5a)
CHOCHO + 0,7 — CH,O"+CO + O, (5b)
CHOCHO + 0,% — CHO' +HCO + 0, (5¢)

with the product ions, CHOCHO™" (m/z 58), CH,O" (m/z 30)
and CHO™ (m/z 29) observed with branching ratios in agreement
with those reported with the BISA instrument, i.e., 49%, 48%,
and 3%, respectively at 1.5 hPa in He [12]. The non-dissociative
charge transfer mechanism (5a) is consistent with the fact that
the ionization energy of glyoxal, 10.200eV [41], is also lower
than the O; ionization energy, leading to 1.87 eV (180 kJ mol™ l)
exothermicity. The dissociative charge transfer channel (5c¢) is
less exothermic, by 0.87 eV (84 kI mol~1), given the appearance
energy of the CHO*" cation (11.2 eV, [41]). Reaction enthalpy of
channel (5b) is calculated to be —122kJ mol~!, assuming that
CH,O™ is the ionized form of formaldehyde and using NIST
data [41]. So this channel is more exothermic than channel (5¢)
and leads to a much higher branching ratio. The branching ratios
for the non-dissociative charge transfer channel (5a) do not show
a significant increase with pressure.

From these studies, it can already be concluded that O,*
reacts rapidly with acetone and glyoxal, with rate constants that
are pressure independent and in agreement with the ones calcu-
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lated with the parameterized equation of Su [43]. In addition to
a common mass charge transfer product ion (m/z 58), specific
fragment product ions CH3CO™ (mm/z 43) and CH,O" (mm/z 30)
with mixing ratios of 38% and 48% are observed for acetone and
glyoxal, respectively. Since the charge transfer product ions are
not favoured with the increase of pressure, the O,* reagent ion
is a potential candidate to distinguish acetone from glyoxal in
the atmosphere by CIMS. This possibility is discussed in detail
in Section 3.3.

3.2. Reactions of acetone and glyoxal with NO*

3.2.1. Reaction of acetone with NO*

The measured rate constant at 295K in 1.7hPa N, for the
reaction of acetone with NO*, (2.3 £0.5) x 10~2 cm? molecu-
le~'s~!, is higher than that measured by other authors at lower
pressure in another buffer gas (He), and shows a pressure depen-
dence. Room-temperature rate constants measured from
§panél et al. [11], Fairley et al. [28], and Smith et al. [29]
are (1.2£0.2) x 1072 cm® molecule ' s~!,  (1.3+£0.3) x
1072 cm? molecule ' s~!, and (1.8 £0.2) x 10~2 cm? mole-
cule™!s™!, under experimental conditions of 0.67, 0.59,
and 0.93hPa He, respectively. All data are signifi-
cantly lower than the calculated collision rate constant,
(3.5+£0.7) x 1072 cm? molecule ! s~!. The rate constant has
been also measured as a function of pressure at 295K in
Nj. It increases from (1.9 +0.4) x 102 cm3 molecule ! ™!
at 1.2hPa (2.9 x 10! moleculescm™) to (2.8£0.7) x
1072 cm?® molecule ™' s™! at 19.2hPa (4.7 x 10'7 molecul-
escm_3), with intermediate data shown in Fig. 2, in par-
ticular (2.6 £0.7) x 1072 cm? molecule ' s~! at 2.8hPa
(6.9 x 10'® moleculescm™3). The measured rate constant
at 19.2hPa in N, seems thus to be in the high-pressure
range, and in agreement with the calculated collision rate
constant. In addition, new experiments have been per-
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Fig. 2. Pressure dependence of the rate constant of the association reaction
(NO™ + acetone) in N, and He buffer gases. The full square and diamond symbols
represent the experimental data, and the solid lines are the statistical fitting to
the data. Other works in He [11,28,29] are shown (open squares).

formed in the range 1.2-2.6hPa He with the BISA SIFT
instrument (Fig. 2), also showing pressure dependence,
but with lower rate constant values than in Nj buffer, e.g.,
(1.7+0.4) x 1072 cm® molecule ! s~! at 1.5hPa He. In
contrast, Fairley et al. [28] did not observe significant variation
of the rate constant between 0.33 and 0.93hPa in He. All
these results are shown in Fig. 2 and are analysed in detail
in the next paragraph, using statistical calculations. The rate
constants are in the falloff region and the high-pressure limiting
rate constants are not reached at any reported pressure of He
but seems to be reached at the higher pressures of Nj. This
kinetic behaviour is explained by a three-body association
mechanism. The NO*-CH3COCH3 adduct is indeed observed
with a branching ratio of 100%, in agreement with all other
previously published results quoted above:

NO* 4+ CH3COCH3 & NO'.CH3COCH;3* (6)
NOT-CH3COCH3* +M — NO*.CH3COCH3 + M, (7)

Since the ionization energy of acetone, 9.703 eV, is larger than
the one of NO, 9.264 eV [41], charge transfer with ground state
NO™ is excluded. Therefore, another exothermic pathway such
as association is expected. The association mechanism is the
usual pathway for the reactions of ketones with NO* [46,47].
Experimental rate constants obtained in different buffer gases
(He and N») cannot be directly compared for termolecular reac-
tions in their falloff regime for these association mechanism.
In order to check the consistency of the different sets of rate
constants and their falloff behaviour, experimental results were
analysed using ab initio and conventional statistical calculations.
The experimental rate constant of the NO™ + acetone reaction
versus the total gas density, N> being the buffer gas reaches a
plateau around 2.8 x 10~ cm® molecule™! s~!. However, the
high-pressure limiting association rate constant obtained by
the Canonical Flexible Transition State Theory (CFTST) [48]
is found to be 4.2 x 10~ cm?® molecule=! s™!, which is too
high. The model was thus adjusted in order to reproduce the
experimental data at the highest pressure of the NO™ + acetone
reaction. Then, the collision efficiency S; and the exothermicity
of the association reaction A Hj were adjusted to reproduce the
pressure dependences of the experimental rate constants with
Ny as buffer gas. The B value was then fitted to reproduce the
experimental data with He as buffer gas, the other parameters
being unchanged. Both collision efficiencies values are reason-
able, which confirms the agreement between the two sets of
experimental data (see Table 4 and Fig. 2). The exothermicity of
the NO™ + acetone reaction would thus be around 178 kJ mol~!,
which is close to the B3LYP calculated value (189.2kJ mol~1).
In fact, it seems that the overestimation of the charge transfer
exothermicity with the DFT method, as it has already mentioned
earlier [49], leads to a too high binding B3LYP calculated energy.

3.2.2. Reaction of glyoxal with NO*

The room-temperature rate constant value for the reac-
tion NO* + glyoxal, (1.8 £0.4) x 10719 cm? molecule™! s~! in
N, buffer gas at 1.7hPa, is higher than the one measured
of (7.5+1.5)x 10711 cm’ molecule ' s~! in He buffer gas
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at 1.5hPa [12] and is also much lower than the collisional
rate constant for the trans-glyoxal, derived from the calcula-
tions of Su [43], (1.240.2) x 10~? cm® molecule ™! s~!. This
behaviour is explained by the formation of the NO*-CHOCHO
association product, which was also observed in the previ-
ous work of Michel et al. [12] at BISA. This results from
a mechanism similar to Egs. (6) and (7) for which the sec-
ond order high-pressure limiting rate constant is not reached
at 1.7hPa. The ionization energy of glyoxal, 10.2eV [41],
is larger than that of NO (9.264 eV), excluding again charge
transfer with ground state NO*. Charge transfer is generally
endothermic for saturated aldehydes and these ones usually
react with NO* by hydride ion transfer [11,47,50]. This is
not the present case for the dialdehyde glyoxal, which only
forms the association product ion, in contrast with the satu-
rated dialdehyde glutyraldehyde (CHOCH,CH,;CH,CHO). The
rate constant is observed to increase with pressure, reach-
ing (4.2 1.0) x 1071% cm? molecule ™! s~! in N, buffer gas at
18.4hPa (4.5 x 10'” molecules cm~3), as shown in Fig. 3.

The consistency between the rate constant determined pre-
viously only in He and the pressure-dependent rate constants
measured in N> in the present work is checked again by
ab initio and statistical calculations. The lack of experimen-
tal data in the high-pressure range cannot allow any serious
adjustment of the calculated limiting high-pressure association
rate constant. However, it was decided to test the assump-
tion that this high-pressure rate constant is the collisional one
from the Su and Chesnavich approach [42,43], since this has
been found experimentally for the acetone + NO™ reaction. The
two parameters, the collision efficiency . and the exother-
micity AHj of the association reaction, were then fitted to
reproduce the experimental data with N, as buffer gas (see
Table 4 and Fig. 3). The observation of the same collision
efficiencies as for the NO* +acetone reaction with the two
buffer gases confirms the consistency between the sets of data.
The fit leads to the empirical value of 132kJmol~! for the
NO* + trans-glyoxal reaction enthalpy. This value is larger than
the calculated one (120.8 kJ mol~!; Table 1) but in correct agree-
ment, given the uncertainties on the theoretical method found
for the NO* + acetone reaction. The success in the fits of both
experimental data sets with reasonable 8. and AHj; give thus
confidence in the choice of the limiting high-pressure association
rate constant value of 1.2 x 102 cm? molecule=! s~ 1, in agree-
ment with the collisional rate constant from Su and Chesnavich
theory [42,43].
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Fig. 3. Pressure dependence of the rate constant for the reaction (NO* + glyoxal)
in N, and He buffer gases. The square and diamond symbols represent the
experimental data and the lines are the statistical fitting to the data.

3.2.3. NO™ reactions and statistical calculations

To summarize, NO* reacts with acetone and glyoxal via the
association process, leading to ion products of similar m/z 88,
with rate constants that rapidly increase with pressure in the
range (0.6—19.2 hPa). This could allow the detection of the total
amount of acetone and glyoxal in the UTLS using this reagent
ion. One prerequisite is however that the rate constants must
be firmly established whatever the buffer gas and pressure. The
combination of the experimental data under significant ranges of
pressure of two different third bodies (N, and He) with the statis-
tical calculation results provides a complete and coherent picture
of the kinetics for these ion—molecule association reactions. For
both reactions, collision efficiencies are equal, with that of N, a
factor of two higher than that of He. As CIMS reactors may oper-
ate under various pressures of air, the statistical calculations have
been performed to extrapolate the experimental kinetic results
to atmospheric pressure and temperature ranges. As the limiting
high-pressure rate constant for the NO™ + acetone + N, reaction
is found to be equal to the collisional value of Su and Ches-
navich at room temperature, its temperature dependence may be
predicted by this theory [42,43]:

koosc(T) = 4.26 x 1078 77044 "

For the NO* + glyoxal reaction, no temperature dependence was
used, as predicted by this theory. The collision efficiency S
is deduced from the value at 295K for N, buffer gas and its

Table 4

Statistical calculations results at 295 K for the (NO™ + acetone) and the (NO* + glyoxal) reactions

Ton molecule reaction NO™ +acetone NO™ + glyoxal
AH; (kJ/mol) used for calculations 178.4 131.6
Equilibrium constant, Keq (cm® molecule ") 6.05 x 10° 4.86 x 1073
High-pressure limiting association rate constant, kJg, (cm® molecule™! s~ 1) 2.9%107° 1.2x107°

Collision number, Zip (cm® molecule™! s™1)

Collision efficiency, B¢

6.72 x 10719 (N, buffer)
5.42 x 10~1° (He buffer)

0.2 (N; buffer)
0.1 (He buffer)

0.2 (N; buffer)
0.1 (He buffer)
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usual temperature dependence for the exponential transition-
probability model is:

\/E _ (AE>d0wn 9)
1—B.  FgkgT

where FE is the correction factor of the energy dependence of
the density of states in the adduct XNO™ and (AE)gown is the
average loss of energy per collision [37,51].

Pressure and temperature dependencies of the rate constants
can be presented using the conventional Troe’s equation [51,52]:

_ k(DM
I (ko(DIMI/ Koo(T))

k(T) FC(T)I/(1+(10g(k0(T)[M]/koo(T)))2)

(10)

in order to provide a quick and convenient way of calculating
rate constant values in the range (1 .3-10%) hPa and (200-350) K.
The three parameters ko, koo, and F have been derived from
the non-linear fitting of the above equation to the presented
statistical calculated results at various temperatures (eight tem-
peratures). The resulting values of ko(7), koo(T), and F(T) yield
the following expressions:
For the NO* + acetone reaction:

ko(T) = (3.8 +0.3)

T —(5.6+0.2)
x 10~ (30()K> cm® molecule 2 s~/

(11a)
koo(T) = (3.0 £ 0.3)
T —(0.4140.01)
x 1077 (3001() cm> molecule ™! s7!
(12a)
Fu(T) ! (13a)
=exp| ———m—— a
¢ PTG+ 100K
For the NO* + glyoxal reaction:
ko(T) = (8.1 =£0.3)
T —(4.6040.1)
x10726 (3()()1() cm® molecule ™2 57!
(11b)
koo(T) = (1.27 £0.03)
T —(0.0240.02)
x107° (300K> cm® molecule ™' s7!
(12b)
Fe(T) = (0.53 £0.01 S 13b
(T)=( )eXp((84Si48)K) (13b)

The expression of Troe with the above parameters yields fairly
good representations of the calculated curves for the two reac-
tions, and therefore, of the experimental data. The simple
expression for F; commonly used, F=exp(—7/C), where C
is a constant, was not used in the present case, as it did not
yield a good representation of the data over the whole tem-
perature range for the NO™ + glyoxal reaction. The proposed
two-parameters expression given above is a simplification of the
two-exponential/four-parameter expression proposed by Wag-
ner and Wardlaw [53]; the latter is intended for much wider
temperature range than the present one.

However, all these results are highly dependent on the fitted
parameters, B¢, A Hy and the limiting high-pressure association
rate constants, and experimental results at different temperatures
and higher pressures would allow decreasing the uncertainties
on these rate constant values. This is specially the case for the
NO* + glyoxal reaction where the limiting high-pressure rate
constant was fixed to the Su and Chesnavich collisional rate con-
stant, given the consistency of the results for acetone and glyoxal
in both buffer gases and the fact it was found experimentally for
the acetone reaction.

3.3. Selective identification and quantification of acetone,
glyoxal, and propanal in the upper atmosphere by CIMS
using NO*, H;0%, and O,* as reagent ions

The selected ion flow tube mass spectrometry (SIFT-MS)
technique has been developed by Smith and Spangl [16,17],
using NO*, Oy*, and H30" as reagent ions, which allows
on-line identification and quantification of many isobaric atmo-
spheric trace gases, especially isobaric aldehydes and ketones.
In some cases, using NO* or O,* reagent ions instead of H3;O*
ions can result in a more selective detection of some spe-
cific organic molecules in ambient air. H3O* undergoes usually
proton transfer ion—molecule reactions, leading to ambiguous
detection of isobaric species. NO* and O,* ion chemistries of
isobaric species with different chemical functionalities can be
quite different and therefore chemical ionisation by NO* and
O,* can sometimes be more selective than proton transfer chem-
ical ionisation. Moreover, H3O" undergoes faster ion—-molecule
reactions with HyO [54] than NO* and O,*. The resulting
H30"(H,0),, reagent ions complicate the product ion spectra
and make its interpretation and the quantitative analysis of the
trace gases more challenging in ambient air. In the relatively dry
UTLS region of the atmosphere, where the water vapour mixing
ratio is typically 100 ppm [55], formation of H3O*(H,0),, ions is
still significant and can be a nuisance even in low pressure (about
1 mbar) CIMS flow tube reactors with atmospheric air as buffer
gas, whereas formation of NO*(H;0),, and O,*(H,0),, ions is
sufficiently suppressed [54], resulting in less complicated NO*
and Oy* CIMS spectra. NO* and O,* reagent ions give specific
fragment product ions by reaction with isobaric OVOC allow-
ing then for their specific identification. In less dry atmospheric
regions, such as in the troposphere, NO*(H;0),, and O,*(H,0),,
will become more important and initiate in most cases ligand-
switching reactions leading then to an impossible detection of
isobaric OVOC.
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Table 5

Volatile organic compounds with potential interferences in their CIMS spectra: concentrations in the UTLS, rate constants and product ions for their reactions with

H30+, NO+, and 02+

Species H;0" NO* 0,
LS (ppt) Rate constant Rate constant Rate constant
UT (ppt) Product ions m/z B.R. Product ions B.R. % Productions | m/z B.R.
n-Butane >3 nr' 0.0032 nr' 0.002°? 142
CH,(CH,),CH, 0.0016° 0.0025°® CH,y s |20 25
0-50° C,H,,.H,0" 77 |707100°]  CH, >0 57 100 CH, 57 5!
10-150° C,H," 57 307 of CH," 43 652
CH, 42 |10 8
+ 2
C,H, 28 5
2-Methyl propane "> #] n.r' 0.00422 09'1.0209°% 1.52
CH(CH,), 0.0018° C.H," 43 | 40" 457
0-7° C,H,(H;0" 77 |55% 0f| cHyRE 57 100 CH," 57 25!
10-70° C,H," 57 [45%100° CH,' 42 |25 55
CH, 56 10?
Ethane > <0.001° <0.001 * 1.1°
CH,CH, <0.0001°* C,H" 30 30
40-500 ° unknown?® | unknown | unknown n.r. C,Hy™ 29 55
400-1500 >® C,H,” 28 15
Formaldehyde 3 <(0.1 2.2
HCHO HCHO" 30 60
- HCHO.H' 31 100 - - - HCO" 29 40
<50-80°
Propane > <0.001 2 ~0.001 142
CH,CH,CH, 0.0003* C;H,' 44 30
0-50° CH,H,0"® 63 100 GH," 43 100 CH," 43 35
50-500 ° C,H" 29 5
C,H," 28 25
n-pentane * % <0.05* 0.8*
CH,(CH,),CH, 0.0039°8 CH," 43 55
CiH,," 71 [100°91°]  CH," 4 45
Acetaldehyde® 3.7 0.6 23
CH,;CHO CH,;CHO" 44 55
220-650 ppt ’ CH,CHO.H" 45 100 CH,;CO™ 43 100 CH,CO" 43 45

[€)) gpanél and Smith [60] in 0.7 hPa in He; (2) Wilson et al. [61] in 0.6 hPa in He; (3) Spanél etal. [11]in 0.7 hPa in He; (4) Spanél and Smith [62] in 0.7 hPa in He;
(5) Jaeglé et al. [56]; (6) Scheeren et al. [2]; (7) Singh et al. [4]; (8) Arnold et al. [63].

n.r.: no reaction, B.R.: branching ratio of the product ions in percent.
Units for rate constants are given in 10~° cm? s~! molecule™!.

Tables 2, 3 and 5 contain all the required information to define
pathways for selective identification and quantification of ace-
tone, glyoxal, and propanal in the UTLS by CIMS using NO*,
H30%, and O,* as reagent ions. Kinetics and branching ratios
of product ions from acetone, glyoxal, and propanal are given
in Tables 2 and 3. Table 5 provides information relative to other
VOC that represent potential interferences for the CIMS spectra
of acetone, glyoxal, and propanal. Measured concentrations of
these VOC in the UTLS and the rate constants of their reac-
tions with H3O*, NO*, and O;*, as well as the product ions
branching ratios are provided. Ratios of the peak intensities
of the product ions to the reagent ions, NO*, H30* or O,*,
can be derived under atmospheric conditions and the concentra-

tion expressions of some atmospheric species of interest can be
inferred.

For atmospheric trace gas measurements, low conversion
rate (R1%) of the reagent ions is usually used. As a result,
the determination of the atmospheric trace gas concentration
is independent from the reactions of the reagent ion with other
atmospheric species. The low conversion rate is also needed to
avoid secondary ion—molecule reactions. The ratio of the prod-
uct ion intensity Iproduction (molecule) tO the reactant ion intensity,
Lion, s then given by:

I product ion

= Z ki(ion + molecule;) [molecule;] ¢ (14)
l

Lion
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where k; is the rate constant of the ion-molecule; reaction
involved (cm? s~! molecule™!), [molecule;] the concentration
of the reactive atmospheric species i (molecules cm™3), and 7 is
the reaction time (s). This approximation is similar to the one
described by Lindinger et al. [7] for the detection of OVOC by
PTRMS and leads to Egs. (15) to (19) below.

NO* reacts with acetone and glyoxal to give an association
product ion (m/z 88) and with propanal to give a hydride transfer
product ion (m/z 57). NO* undergoes rapid reactions with these
species, close to collision rate, except with glyoxal at the lower
pressure range usable for a CIMS flow tube reactor (around
1 hPa). According to the previous measurements performed in
the UTLS, acetone concentrations vary from 40 to 800 ppt in the
LS [2] and from 300 to 2500 ppt in the UT [2,56]. Propanal and
glyoxal have never been measured up to now in the UTLS. Other
alkanes such as n-butane or 2-methyl propane could contribute to
the same signal at m/z 57 from hydride transfer to NO*. However,
since the rate constant of the reaction of NO* with n-butane
is too low and the concentration of 2-methyl propane is likely
too low to contribute significantly to the m/z 57 signal under
UTLS conditions, interferences from their product ions can be
neglected.

Therefore, NO™ reacts selectively with acetone and glyoxal
to form the product ion at m/z 88 and with propanal to form the
product ion at m/z 57. The ratios of the peak intensity at n/z 88
(Ig) and at m/z 57 (Is7) to the peak intensity at m/z 30 (Ino™),
respectively, are given in Egs. (15) and (16):

Igg

A = [acetone] k(NO++acetone)t
NO

—I—[glyoxal] k(NOJrJrglyoxal) t (15)

where the rate constants k are pressure and temperature depen-
dent and given by the Troe’s Eq. (10)

Is7

Inot

= [propanal] k(NOJr +propanal) ¢ (16)

In addition, the use of H3O* as reagent ion in Eq. (17) would
allow for the quantification of acetone, glyoxal, and propanal
concentrations:

Isg

Tor = [acetone] kg, 0+ tacetone)!
3

+[glyOXal] k(H30++glyoxal) 098 t
+[propanal] kg, o+ +propanal)! (17

where Is is the peak intensity at m/z 59 and Iy, o+ is the peak
intensity at m/z 19.

The separate quantification of these three species is made by
solving Eqgs. (15)—(17) in case of equal or significant concentra-
tion of glyoxal relative to acetone and at high pressures (rate
constant glyoxal/NO* near high-pressure limit). Such atmo-
spheric conditions could occur in the UTLS during periods of
fast convective events with biomass burning. CIMS for the detec-
tion of OVOC could be a good tool to point out this kind of events.
At low pressures (small NO*/glyoxal reaction rate constant) or
in the cases where the concentration of glyoxal is not large or

much smaller with respect to the one of acetone, Eq. (15) gives
acetone concentration, Eq. (16) propanal concentration and then
Eq. (17) an estimate of glyoxal concentration.

Concerning the O™ reagent, this one reacts with glyoxal
to give two specific fragment product ions (i.e., different from
propanal or acetone product ions), HCHO" (m/z 30) and HCO*
(m/z 29) with a mixing ratio of 48% and 3%, respectively. How-
ever, in ambient UTLS air, the observation of these two signals
at m/z 30 and 29 would be attributed mainly to the reaction of
ethane with Oy*, and in a minor part to the reaction of formalde-
hyde with O,*, implying that glyoxal can not be detected by O, *
in a direct way since its other product ion (the charge transfer
product at m/z 58) has a similar mass as acetone and propanal
charge transfer products (see Table 3). O,* also reacts with
propanal and acetone to give one specific fragment product ion,
C,H5CO™" (m/z 57) and CH3CO? (m/z 43), with a mixing ratio
of 50%, and 38%, respectively. Using O,* for the detection of
propanal is less accurate than the use of NO* since the fragment
product ion at m/z 57 can be also produced by the reaction of O, *
with n-butane, 2-methyl propane and many ketones of higher
molecular masses such as butanone and pentanone [11]. How-
ever, the main interest for O, " resides in using it as reagent ion for
the detection of acetone, in addition to the above method employ-
ing only NO* and H3O™, which gives consistency in deriving
glyoxal from the Eqgs. (15)—(17). Oy* reacts rapidly with ace-
tone, with a rate constant of 3.1 x 10~ cm? molecule ™! s™!, to
produce a fragment product ion at m/z 43 with a branching ratio
of 38%, leading to possible detection of acetone. Indeed, even
if other atmospheric species may contribute to the formation of
the fragment product ion at m/z 43 these ones can be accurately
measured as well, and acetone concentration can therefore be
inferred. These other species are mainly acetaldehyde and some
non-methane hydrocarbons (NMHC) such as propane, n-butane,
2-methyl propane, n-pentane which produce the same fragment
product ion at m/z 43 with significant branching ratio and rate
constants higher than 1072 cm? molecule ! s~! (see Table 5).
Acetaldehyde concentration can be directly measured by proton
transfer reaction with H3O" (Eq. (18)) since no proton trans-
fer reaction occurs with propane which has the same molecular
mass (44 u). PTRMS is a reliable technique for acetaldehyde
measurements [57]. By opposition to OVOC, in situ sam-
pling of NMHC from canisters with off-line analysis (such
as GC-FID) is reliable since NMHC can be stored for a long
period without adsorption or reaction with surfaces. As a con-
sequence, acetone concentration can be derived from Eq. (19)
since acetaldehyde and NMHC concentrations can be measured
independently:

Iys

7 = [acetaldehyde] &y, 0+ tacetaldehyde) ¢ (18)
H;0%

Tor = [acetone] ko, + 1 aeetone) 0-38 7
2

+[aCetaldehyde] k(02++acetaldehyde) 0.45¢

+> INMHC,] & BR.; 1 (19)
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lys is the peak intensity at m/z 45 and Iy, o+ is the peak
intensity at m/z 19 using H3O" as reagent ion. I43 is the peak
intensity atm/z 43 and Io, T is the peak intensity at m/z 32, using
O,* as reagent ion. The rate constants k are given in Table 5.
The last term of Eq. (19) is the contribution of each NMHC;
to the formation of the product ion at m/z 43. Branching ratios
B.R.; of the product ions for each reaction of O* with NMHC;
contributing significantly to the formation of product ion signal
at m/z 43 are reported in Table 5. It is assumed that the branching
ratio of the product ions of the reaction of acetaldehyde and
NMHC; with O,* are pressure independent.

To summarize, acetone, glyoxal, and propanal can be
obtained from Egs. (15)—(17) using NO* and H3O" as reagent
ions. In addition, acetaldehyde concentration can be extracted
from Eq. (18), and acetone concentration can also be derived
from Eq. (19) using O,*, which gives consistency in deriving
glyoxal from Eq. (15) or from Egs. (16) and (17).

Finally a possible CIMS setup for the in sifu detection of
acetone, glyoxal, and propanal is briefly discussed. One or more
selective ion sources capable of alternately producing sufficient
amounts of H30%, NO*, and O,* reagent ions are needed. Pos-
sible ion source candidates could be the discharge ion sources
previously used in balloon-borne CIMS experiments [58] and in
this work, or a hollow cathode ion source for the production of
H30" ions [7]. Even when using a low pressure ion molecule
reactor (=1 hPa) hydration of H3O* reagent ions may still be
significant at the typical water vapour mixing ratio (100 ppm)
present in the UTLS, but is less important for NO* and O,* [54].

A mean to keep hydration to a minimum is the use of a drift
tube reactor with and without application of an electric field:
(i) with an electric field at lower pressure when operating with
H30™" to avoid hydration of reagent and product ions, as it is the
case in the Lindinger’s PTRMS apparatus and (ii) without an
electric field at any pressure when operating with NO* and O™,
since water clustering of these reagent ions is less significant.
For the NO* reactions, hydration of the product ions of interest
does not occur. Weak or non-existing hydration of the association
products resulting from the reaction of NO* with ketones and of
the hydride ion transfer product ions resulting from the reaction
of NO* with saturated aldehydes are reported in the literature
[46,50].

4. Conclusion

Ton—-molecule reactions of acetone and glyoxal with Oy*
and NO* have been studied with the aim to separately quan-
tify OVOC of similar mass (58 u) by CIMS in the atmosphere.
Experimental rate constants have been measured as a function
of pressure and analysed using statistical calculations, where
Troe’s analytical expressions of the rate constants have been
derived for use under any pressure and temperature. Product
ions branching ratios have been also measured as a function of
pressure. From all the data obtained, ionization schemes have
been defined to identify unambiguously acetone, propanal and
glyoxal in relatively dry atmospheric conditions such as in the
UTLS region, which is of great interest as these compounds play
an important role in the chemistry and the radiative properties

of this part of the atmosphere. NO*, H30*, and O,* can be
used as reagent ions to measure acetone, propanal and glyoxal,
separately.
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