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Abstract

ROXMAS (ROx Chemical Conversion/CIMS), a novel method for atmospheric speciated measurements of HO2 and the
sum of organic peroxy radicals (¥RO2) developed by MPI-K, has been successfully deployed in a field campaign on Monte
Cimone, Italy, June–July 2000. The method relies on amplifying chemical conversion of peroxy radicals to gaseous sulfuric
acid via the chain reaction with NO and SO2 and detection of the sulfuric acid by CIMS. Speciated measurements have been
realized by diluting atmospheric air in either N2 or O2 buffer, thus exploiting the dependence of the conversion efficiency of
RO2 to HO2 on [O2], [NO], and [SO2]. Speciated measurements of HO2 and RO2 are required to provide further insight into
radical partitioning and thus to elucidate further the mechanisms of the oxidation of volatile organic compounds in the
troposphere. This methodology yields useful speciated results for atmospheric conditions where CH3O2 makes a major
contribution to total RO2. Under other conditions it gives an upper limit for [HO2] and a lower limit for [¥RO2]. (Int J Mass
Spectrom 213 (2002) 91–99) © 2002 Elsevier Science B.V.
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1. Introduction

Catalytic reaction cycles involving free radicals are
the driving force in the tropospheric oxidation of
many gaseous species to compounds that are more
easily scavenged and removed by aerosols, clouds,
and rain. During the day most of the reaction cycles
are initiated by reactions of the hydroxyl radical (OH)

resulting from UV photodissociation of O3 at wave-
lengths shorter than 318 nm. Hydroperoxy radicals
(HO2) and organic peroxy radicals (RO2 with R being
an organic group, e.g. CH3) are the key reactive
intermediates/chain propagators. Oxidation of CO and
hydrocarbons by OH leads to the formation of HO2

and RO2, respectively. Reactions of HO2 with NO or
O3 recycle OH from HO2. RO2 is converted to HO2

by reacting with NO. These cycling reactions estab-
lish a rapid steady state for OH, HO2, and RO2* Corresponding author. E-mail:markus.hanke@mpi-hd.mpg.de
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(lifetime of OH � 1 sec, lifetime of peroxy radicals
�1 min) [1,2] At nighttime formation and evolution
of the radical pool may occur by ozonolysis of volatile
organic compounds (VOCs) or reactions of VOCs
with NO3 [3].

The knowledge of the abundance and distribution
of ROx (ROx � OH � HO2 � RO2) species is nec-
essary for a better understanding of tropospheric
oxidation chemistry, such as the atmospheric degra-
dation of VOCs, the production and destruction of
ozone or the nighttime oxidation processes. The ratio
RO2/HO2 reflects the interconversion reactions and
thus is a useful parameter in tests of atmospheric
chemistry models.

Only in the recent past reliable methods for the
ambient monitoring of the highly reactive and thus
short-lived peroxy radicals have emerged: Laser-
induced fluorescence (LIF) [4–10], Chemical Ampli-
fication [11–13], and matrix isolation/electron spin
resonance (MIESR) [14].

For aircraft-borne and ground-based measurements
of atmospheric peroxy-radical concentrations a novel
method has been introduced by our group [15–19].
This method, ROxMAS (ROx chemical conversion/
chemical ionization mass spectrometry), relies on
amplifying chemical conversion of peroxy radicals to
gaseous sulfuric acid that is detected by CIMS.
Recently we have developed a new mode of operation
allowing on-line speciated measurements of HO2 and
HO2�RO2 [19–22] with a time resolution of 1 min
and a sensitivity of 0.5 pptv. ROxMAS was auto-
mated to allow continuous long-term measurements.

In the present paper we describe instrumental
aspects of the ground-based computer-controlled
ROxMAS system and report on recent speciated field
measurements of HO2 and RO2.

2. ROxMAS

2.1. Measurement principle

The basic reactions involved in amplifying chem-
ical conversion of peroxy radicals to H2SO4 via
reactions with NO and SO2 in a flow reactor are
summarized in Fig. 1. The recycling of HO2 in the

reaction of HSO3 with O2 initiates a chain reaction
leading to an amplified H2SO4 signal exceeding the
peroxy-radical concentration. The chain reaction is
terminated by the reaction of OH with NO. The final
H2SO4 concentration [H2SO4] is determined by the
relative rates of the competing reactions of OH with
SO2 (chain carrying reaction) and with NO (chain
terminating reaction). The ratio of the two reaction
rates gives the chain length (CL) and is equal to the
ratio between the final [H2SO4] and the peroxy-
radical concentration.

�H2SO4� � �HO2 � RO2� �
kOH�SO2 � [SO2]

KOH�NO � [NO]

� �HO2 � RO2� � CL (1)

For the commonly used operational conditions, the
high sensitivity of CIMS and the low atmospheric
background of gaseous H2SO4 allow for work with
short chain lengths of the order of 10 to 15 and short
reaction times of 0.1s for the entire conversion and
amplification process. This reduces the impact of
potential interference and loss processes due to either

Fig. 1. Simplified illustration of the conversion mechanism of
simple organic peroxy radicals RO2 to HO2 under conditions
present in the ROxMAS flow reactor. Possible isomerization and
decomposition processes of the more complex organic radicals are
neglected and not shown.

92 M. Hanke et al./International Journal of Mass Spectrometry 213 (2002) 91–99



reactions of other ambient trace gases such as chain
terminating reactions other than the reaction of OH
with NO (e.g. reaction of OH or HO2 with ambient
NO2 or NO2 resulting from the reaction of ambient O3

with NO added as reagent gas into the flow reactor) or
wall losses of the radicals on the surfaces of the
flow-reactor walls [17,19,21].

Organic peroxy radicals (RO2) are converted to
HO2 by reactions with NO and O2. In a high NO and
SO2 environment ([NO]�1013 cm-3 and [SO2]� 1015

cm-3) as used in our flow reactor, addition reactions of
RO2 with NO and of RO with NO and SO2, however,
may compete with the conversion path (Fig.1). The
conversion efficiency (CE) of RO2 to HO2 depends on
the concentrations of O2, NO, SO2, the relative
reaction rates, and the organic group R. For simple
peroxy radicals [21,23,24] (e.g. R�CH3 or C2H5),
whose subsequently formed oxy-radicals RO do not
undergo isomerization or decomposition, the conver-
sion efficiency can be reduced to

CE �
kRO2�NO

kRO2�NO � kRO2�NO�M
�

kRO�O2
� [O2]

kRO�O2
� [O2] � kRO�SO2�M � [SO2] � kRO�NO�M � [NO]

(2)

Eq. (2), which is radical dependent [23,24], can be
exploited to discriminate between RO2 and HO2 by
either decreasing or increasing CE by dilution of the
sampled air with a buffer gas, either N2 or O2,
respectively. In the case of N2 as buffer, the O2

concentration in the flow reactor is reduced to such an
extent (�2%) that the conversion of RO to HO2 is
suppressed and the addition reactions become domi-
nant. In this case the H2SO4 mainly stems from
conversion of ambient HO2 (“HO2-only mode”). In
the case of O2 as buffer, the O2 concentration is
elevated (�70%) and the conversion of RO to HO2 is
favored against the addition reactions; thus both HO2

and RO2 are measured (“HO2�RO2 mode”). For the
two cases, [H2SO4] can be expressed as

�H2SO4�buffer � �HO2
� [HO2] � �

i
�RiO2

� CEi(buffer) � [RiO2] (3)

The alpha factors, with values on the order of 0.1,
comprise the chain length [see Eq. (1)] of the conver-
sion and amplification mechanism, the pressure, dilu-
tion and temperature correction with respect to the

difference between ambient conditions and flow-
reactor conditions. Furthermore they also account for
the transmission factors derived from the wall loss
rates that have been determined for H2SO4 and so far
separately for HO2, CH3O2, C2H5O2, and C3H7O2 in
the laboratory [17,21,22]. Since only two measure-
ments with N2 and O2 buffer, respectively, are carried
out, only two quantities are obtained. Hence Eq. (3)
has to be reduced to two unknowns. This can be
achieved by introducing a “reference” peroxy radical,
i.e. by assuming that all RiO2 behave like this radical
with regard to chemical conversion in the respective
buffer gas. At least in the clean and free troposphere
CH3O2 is the most abundant RO2 and has been
selected as reference radical. From Eq. (3) the follow-
ing expressions for [¥RO2] and [HO2] are derived

[�RO2] �
[H2SO4]N2	buffer 	 [H2SO4]O2	buffer

�CH3O2
(CEN2	buffer 	 CEO2	buffer)

�

[H2SO4]

�CH3O2
(CEN2	buffer 	 CEO2	buffer)

(4)

[HO2] �

[H2SO4]N2	buffer 	 
[H2SO4]*
CEN2	buffer

CEN2	buffer 	 CEO2	buffer

�HO2

(5)

This estimate gives an upper limit for [HO2] and a lower
limit for [¥RO2]. This will be discussed in more detail

below. Typical values of CE are around 90% for the O2

buffer and between 25% and 30% for the N2 buffer.
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The detection of H2SO4 by CIMS [21–31] employs
the gas-phase ion molecule reaction of H2SO4 with
gaseous NO3

	(HNO3)n ions

NO3	�HNO3�n � H2SO4 ¡ HSO4
� �HNO3�n

� HNO3 (6)

which was originally proposed by [25], and subse-
quently investigated in the laboratory [26,27]. The
concentration of H2SO4 is obtained from the observed
abundance ratio R of the product ions HSO4

	(HNO3)n

and the reactant ions NO3
	(HNO3)n, using the reaction

kinetics of Eq. (6) [17,25,28,29].

2.2. Instrumental

The experimental setup of ROxMAS is shown in
Fig. 2. The main components of ROxMAS are a

stainless-steel FR tube (4 cm inner diameter ID,
thermostated at �18°C) with a buffer- and sample-gas
inlet at the beginning of the tube and reagent-gas
inlets further downstream, an ion source, and a
quadrupole ion-trap mass spectrometer. The impact of
wall losses of the highly reactive peroxy radicals
before entering the detection region is minimized by
embedding the ROxMAS flow reactor (FR) in a
guided inlet system, through which ambient air is
pulled with a velocity of about 10 m/s past the FR
through a blower. Due to the pressure gradient be-
tween the FR (in the FR a pressure of 280–300 mbar
is maintained) and the atmosphere, a small portion of
ambient air (flow rate 1.3 l/min at standard tempera-
ture and pressure � 1.3 slm) is drawn into the FR
through a critical orifice (radius 0.19 mm). Right after
the critical orifice the atmospheric air is diluted in

Fig. 2. The experimental setup of ROxMAS that has been used for the recent field measurements. RG1, RG2: reagent gas inlet ports, p:
pressure sensor, T: temperature sensor, IMR: ion molecule reaction section. For further details see text.
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either N2 or O2, which is added through a conical
multihole inlet port.

Downstream (6 cm) NO (0.056 slm, 400 ppm in
N2) and SO2 (0.5–1 slm, 4000 ppm or 2000 ppm in
N2, respectively) are co-added through reagent-gas
inlet port 1 (RG1). RG1 consists of two stainless-steel
injector needles (0.1 cm ID, 0.25 cm OD) protruding
to the center of the tube with the openings pointing
vertical to the flow direction. The turbulence caused
by the injection of the buffer and reagent gases leads
to a fast mixing.

From RG1 downstream within the conversion and
amplification section, the ratio of buffer and reagent
gases to sample gas is �9. Including the pressure
reduction the sampled air is diluted by a factor of
about 21–27. The degree of dilution further reduces
the impact of possible interference processes on the
chemical conversion and amplification mechanism
such as the reaction of HOx with ambient NO2 as
already mentioned above.

A flow of N2, equal to the flow of SO2, is added 60
cm downstream of RG1 through RG2, which is
identical with RG1. This is necessary for background
measurements performed periodically to capture
H2SO4 or HSO4

	 signals originating from sources
other than ambient peroxy radicals [17,18,21]. The
background is determined by switching (controlled by
a dual-valve arrangement) SO2 from RG1 to RG2 and
substituting SO2 at RG1 with the N2 from RG2, while
NO is still added through RG1 to convert atmospheric
peroxy radicals to HONO (Fig.1). This procedure
maintains the same flow conditions at RG1 and RG2
for both measurement modes, eliminates pressure
pulses, and keeps the conditions in the IMR section
unchanged.

To check for possible interference from peroxy
radicals resulting from thermal decomposition of
PAN or HNO4, whose concentrations may reach
relatively high values in particular in the colder
regions of the middle and upper troposphere [32,33],
SO2 can be also switched to an auxiliary reagent-gas
inlet port (ARG) (not shown in Fig.1) about 16 cm
downstream of RG1 while still adding NO through
RG1. Between RG1 and the ARG atmospheric peroxy
radicals are converted to HONO as described above,

yet downstream of ARG again SO2 and NO are
present, hence any peroxy radicals produced in the
flow reactor downstream will therefore be measured
as background signal. During the measuring cam-
paign on MTC (see below), however, no significant
signals, which might result from the decomposition of
PAN or HNO4, could be observed.

H2O (�5 � 1016 cm	3) is added along with the
buffer gas in order to efficiently convert SO3 to
H2SO4 [17–21]. Apart from this, the added water
makes the system less susceptible to atmospheric
changes [21], thus enabling a stable operation. To
ensure that the chain reaction has terminated as the air
reaches RG2, NO2 is added through RG2 (0.23 slm
2500 ppm in N2).

At a distance of 11.5 cm downstream of RG2,
NO3

	(HNO3)n ions are injected into the flow tube. The
ionization is spatially separated from the main gas
flow by a capillary tube, which is flushed by the
source gas composed of 2.2 slm synthetic air (purity
5.0) and 0.1 slm pure NO2. The NO3

	(HNO3)n reac-
tant ions in the source gas are produced either by �

bombardment from a 210Po (65 MBq, 5.4 MeV)
source, or by a high-frequency glow-discharge capil-
lary-tube ion source commonly used by our group
[15–21,30,31]. Reaction of H2SO4 with NO3

	(HNO3)n

ions takes place between the ion-source gas inlet and
the second critical orifice (radius: 1.18 mm, distance:
46 cm), through which the ions enter the second
pumping stage where a pressure of around 50–80
mbar is maintained by a mechanical pump and a
throttle valve. After 2.5 cm, the ions enter the high-
vacuum recipient of the quadrupole ion-trap mass
spectrometer [21,34] through a 0.15 mm diameter
inlet orifice, where they are mass-selected and de-
tected.

To achieve a high time resolution and not to lose
too much information with respect to the buffer mode,
which is off, while the other mode is on, the buffer
gases have to alternate rapidly (within the lifetime of
atmospheric peroxy radicals, on the order of 1 min).
Dead space in the gas lines is minimized using direct
connections and low-dead-space pneumatic valves.
Fast switching between the two buffer gases or to the
background mode is realized by computer control
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(Labview). In this way a duty cycle of about 120 s is
realized, 50 s for the HO2-only mode, 10 s which are
required for the transition from N2 to O2 buffer (and
vice versa) and stabilization of the system, 50 s
HO2 � RO2 mode, and 10 s again for stabilization.
The background mode is run after every 30th cycle.

2.3. Calibration and diagnostics

Calibration and diagnostic measurements aimed at
characterizing the flow-reactor system and the mass-
spectrometer system as completely as possible, i.e.
determining a calibration factor consisting of several
independent factors, among these the most important
are the transmissions of different sections of the FR
[19,21,22].

The principle of our calibration source is based on
the photolysis of H2O at 184.9 nm in purified zero air
producing 50% OH and 50% HO2. For producing
100% HO2 sufficient amounts of CO are added to the
gas flow to convert all OH radicals to HO2. Further-
more, there is the possibility to produce RO2 along
with HO2 by replacing CO with a suitable hydrocar-
bon (RH) like e.g. CH4 to produce CH3O2. Previously
we determined the HOx concentrations produced by
the radical source by measuring the O3 production
from the photolysis of O2 at the same wavelength, i.e.
the lamp fluence is calibrated by ozone actinometry.
[19,21,35]. The determination of the HOx concentra-
tion by O3 actinomtery, however, implies some dis-
advantages, such as the determination of an effective
absorption cross section for the O2 photolysis for the
specific measuring conditions [36,37] or the necessity
of relatively high lamp intensities which has the effect
that the calibration source can be only operated with
trace quantities of water vapor (�1000 ppmv).

Recently we improved and modified the system in
such a way that it can be operated at water vapor
contents between 500 ppmv and atmospheric ground-
level values. This has been achieved by measuring the
lamp flux with a calibrated UV photodiode instead of
O3 actinometry. This setup will be discussed in a
forthcoming paper. The new calibration unit allowed
us to check the influence of higher relative humidities
(typical atmospheric values) on the response of the

ROxMAS system. This test was important because
with respect to another amplifier technique, PERCA
box (NO/CO chemical amplifier), Mihele and Hastie
[38] reported that the chain length of the PERCA
mechanism decreases with increasing water vapor
content in the reactor. Varying the humidity in the
calibration source between 0.9% and ambient water
vapor levels has not shown any significant effect of
humidity on the calibration factor and thus on the
response of the ROxMAS system [21].

Apart from these studies further diagnostic mea-
surements, such as calibration of the instrument for
different ambient conditions, determination of wall
losses and conversion efficiencies separately for HO2,
CH3O2, C2H5O2, and C3H7O2, were carried out and
will also be described in the forthcoming paper.

3. Results and discussion

Within the framework of the project MINATROC
(Mineral dust And Tropospheric Chemistry), long-
term ground-based measurements were carried out at
the WMO station on the summit of Monte Cimone
(MTC) (44° 11 N - 10° 42 E, 2165 m asl), Italy,
between June and July 2000.

The diurnal profiles of the measured volume mix-
ing ratios of HO2 (●), ¥RO2 � HO2 (�) and the
derived volume mixing ratio of ¥RO2 (�) obtained
on 22nd June 2000 are shown in Fig. 3 (upper panel).
This day was a cloud-free summer day with relative
humidities below 65%, a noon-time temperature of
18°C, and south-westerly winds with velocities of
about 6 m/s. The symbols represent 30-min averages
and the lines 1-min time-resolved data. From instru-
mental uncertainties only, the 2� precision is esti-
mated to be 7% and the accuracy 30%, mainly due to
uncertainties resulting from the calibration. For the
conditions on 22nd June we determined empirically
by means of calibration measurements a CE of 88% in
O2 buffer and a CE of 28% in N2 buffer for the
“reference” peroxy radical CH3O2. These CE values
correspond pretty well with the theoretical values
derived from Eq. (2) for the operational conditions.

The measured distinct diurnal cycle of peroxy
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radicals with a midday maximum clearly indicates
their photochemical origin. Since the atmospheric
radical cycling reactions establish a fast photochemi-
cal steady state between OH, HO2, and RO2, a good
correlation might be expected between [HO2 �
¥RO2] and the production rate of OH (lower panel of
Fig.3, determined from J(O(1D)) (measured by
MPI-C, Mainz), [O3] and [H2O]). This is confirmed

by the observed data. Even highly time-resolved
distinct features of the production rate can be seen in
the highly time-resolved profile of [HO2 � ¥RO2].
The midday maxima are [HO2 � ¥RO2] � 32 pptv,
[HO2] � 17 pptv, and [¥RO2] � 15 pptv. The noon-
time ratio [¥RO2]/[HO2] � 1 would be consistent to a
first approximation with photostationary-state calcu-
lations for relatively “chemically clean” air conditions

Fig. 3. Upper panel: Diurnal profiles of the measured volume mixing ratios of HO2 (●), ¥RO2 � HO2(�) and the derived volume mixing ratio
of ¥RO2 (�) obtained on 22nd June 2000 on Monte Cimone, Italy. Lower panel: Production rate of OH. For further details see text.
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and CH3O2 being the predominant RO2 [cf. 39–41].
These conditions are in agreement with the supple-
mentary measurements carried out by our MI-
NATROC partner MPI-C, Mainz, on MTC [NO] �70
pptv (between 10 a.m. and 7 p.m. mean value 47 pptv
with a variability of 12 pptv), [CO] � 100 ppbv).
Before sunrise and after sunset the [HO2] level is at or
below detection limit (0.5 pptv), whereas [¥RO2] is
clearly above. For these particular NOx-poor condi-
tions, the rapid loss of [HO2] after sunset and the tail
effect of RO2 due to the longer lifetime of CH3O2 can
be reproduced considering the loss of peroxy radicals
only by self- and cross-reactions [cf. 42]. The [¥RO2]
of almost 4 pptv just before sunrise demonstrates that
there was night-time oxidation chemistry taking place
[42,43].

On 22nd June low NOx values, the approximate
[¥RO2]/[HO2] ratio of 1:1 and the relatively fast
tailing of [¥RO2] after sunset are rather an indication
for simple radical chemistry with CH3O2 being the
predominant organic radical for this specific day.
Therefore, under these chemically “clean”, i.e. rela-
tively unpolluted, atmospheric conditions, the uncer-
tainty associated with the approach of using CH3O2 as
a “reference” peroxy radical is expected to be rela-
tively low. This also holds for any RO2 radical which
is converted to HO2 via CH3O2 and thus shows a
similar discrimination as CH3O2 [21]. For example
such an RO2 radical would be the acetyl peroxy
radical CH3C(O)O2 resulting from either photodisso-
ciation of acetone, which can be a significant ROx

source in the upper troposphere [44–46], or thermal
decomposition of peroxyacetyl nitrate (PAN), an im-
portant NOx and RO2 reservoir, which is formed in
either polluted environments or in locations with low
temperatures and can be transported to less polluted
areas and/or warmer locations where it thermally
decomposes [32]. Under other conditions, e.g. “not so
clean” boundary-layer conditions, where other RO2

radicals might be important, our methodology may
underestimate [RO2] and overestimate [HO2], because
the degree of discrimination for many RO2 species is
likely to be lower than for CH3O2 [personal commu-
nication with Jenkin, 21]. With respect to later atmo-
spheric conditions, presently uncertainty studies are

carried out both in the laboratory and theoretically. So
far first estimates show a maximum uncertainty of
20% for both [HO2] and [¥RO2]. For this estimate
theoretical RO2 radical distributions reported by Mad-
ronich and Calvert [47] for a clean marine boundary-
layer case and a continental Amazon boundary-layer
case, and a radical distribution measured by Mihelcic
et al. [48], on the Schauinsland in the Black Forest
were compared to the case 100% CH3O2 of which the
CE has been used to derive [HO2] and [¥RO2] [21].

The example presented demonstrates that ROx-
MAS with its high time resolution and its capability of
speciated measurements is, at least under “clean”
chemical atmospheric conditions, a powerful tool to
investigate the fast atmospheric radical chemistry and
to give an insight into the interconversion reactions.
So far this unique measurement capability of ROx-
MAS, though with a lower time resolution, has been
offered only by the MIESR (matrix isolation spin
resonance) technique that is not an on-line method.
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