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Abstract

A series of 1,3,5-trimethylbenzene (TMB) photo-oxidation experiments was performed
in the 27-m3 Paul Scherrer Institute environmental chamber under various NOx con-
ditions. A University of Innsbruck prototype high resolution Proton Transfer Reaction
Time-of-Flight Mass Spectrometer (PTR-TOF) was used for measurements of gas and5

particulate phase organics. The gas phase mass spectrum displayed ∼200 ion signals
during the TMB photo-oxidation experiments. Molecular formulas CmHnNoOp were de-
termined and ion signals were separated and grouped according to their C, O and N
numbers. This allowed to determine the time evolution of the O:C ratio and of the aver-
age carbon oxidation state OSC of the reaction mixture. Both quantities were compared10

with master chemical mechanism (MCMv3.1) simulations. The O:C ratio in the parti-
cle phase was about twice the O:C ratio in the gas phase. Average carbon oxidation

states of secondary organic aerosol (SOA) samples OS
SOA

C were in the range of −0.34
to −0.31, in agreement with expected average carbon oxidation states of fresh SOA
(OSC =−0.5−0).15

1 Introduction

Volatile organic compounds (VOCs) are emitted into the atmosphere from various bio-
genic and anthropogenic sources. Atmospheric degradation processes of these VOCs
yield a multitude of oxygenated products with lower or higher volatility compared to the
parent compound. Photo-oxidation products of lower volatility may subsequently un-20

dergo transformation processes such as nucleation, condensation or reactive uptake
on existing aerosols and form secondary organic aerosol (SOA). To better understand
the formation, growth and fate of atmospheric SOA, detailed information about the
many generations of gas-phase oxidation chemistry and the gas-particle partitioning
is necessary. The current status of knowledge of formation, properties and impact of25

SOA was recently reviewed by Hallquist et al. (2009).
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Recent studies account a large fraction of the total organic aerosol amount present
in the atmosphere to SOA. In urban areas, more than 60 % of the total organic aerosol
mass may be attributed to SOA (Lanz et al., 2007). A significant fraction of urban SOA
is formed by anthropogenic precursors (e.g. aromatic compounds such as benzene,
toluene, xylenes and trimethylbenzenes), which are mostly emitted by fuel combustion5

and evaporation (Calvert et al., 2002; Kanakidou et al., 2005; Molina et al., 2007).
Jimenez et al. (2009) described a framework for the chemical evolution of organic

aerosol using field and smog chamber data. High-Resolution Time-of-Flight Aerosol
Mass Spectrometry (HR-TOF-AMS) was used for high time resolution measurements
of the organic aerosol composition. The degree of oxidation was determined as the10

atomic O:C ratio of organic aerosol based on the study by Aiken et al. (2008).
Heald et al. (2010) found that the bulk composition of organic aerosol occupies a

narrow range in the space of a Van Krevelen (H:C vs. O:C) diagram (Van Krevelen,
1950). Various laboratory and field experiments are included, all characterized by a
slope of ∼−1.15

Recently, Kroll et al. (2011) introduced the concept of an average carbon oxidation
state OSC as a metric to describe the chemistry of atmospheric organic aerosol. To-

gether with the carbon number nC, OSC was used to constrain the composition of
organic aerosol and to visualize key classes of atmospheric reactions.

Despite extensive efforts in recent years, significant uncertainties in the understand-20

ing of the photo-oxidation of aromatic compounds still remain. Photochemical reac-
tions of aromatics are highly complex with numerous reaction pathways and a large
number of products, most of which are photo-chemically active. Low concentrations
of a large number of highly oxygenated compounds with widely varying properties
make detection by conventional analytical methods difficult. Proton-Transfer-Reaction25

Mass Spectrometry (PTR-MS) has proven to be a quantitative method for VOC analy-
sis (Lindinger et al., 1998; de Gouw et al., 2003). PTR-MS has been applied in several
environmental chamber studies for gas phase analysis (Wisthaler et al., 2001; D’Anna
et al., 2005; Apel et al., 2008; Healy et al., 2008; Metzger et al., 2008; Perring et al.,
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2009). Nevertheless, the unit mass resolving power constricts the compound identi-
fication capability of conventional PTR-MS instruments. Recently, PTR-MS has also
been applied to the measurement of SOA composition (Hellen et al., 2008; Holzinger
et al., 2010; Thornberry et al., 2009). Hellen et al. (2008) denuded the gas phase
and directly evaporated the remaining particle phase. The other studies deployed an5

aerosol collection inlet to accumulate aerosol mass. The collected particles were ther-
mally desorbed to volatilize the organic compounds which were subsequently detected
by PTR-MS (Holzinger et al., 2010) or by a PTR Ion–Trap MS instrument (Thornberry
et al., 2009).

In the last years, the PTR technology was enhanced by coupling the PTR ion source10

to a Time-of-Flight Mass Spectrometer (TOF-MS; Blake et al., 2004; Ennis et al., 2005;
Tanimoto et al., 2007). However, poor instrumental sensitivities and mass resolving
power brought only little increase in compound identification capabilities compared to
conventional PTR-MS instruments. One of these instruments, the Chemical Ioniza-
tion Reaction Time-of-Flight Mass Spectrometer (CIR-TOF-MS; Blake et al., 2006),15

measured the gas phase precursors to anthropogenic secondary organic aerosol from
1,3,5-trimethylbenzene (TMB) photo-oxidation (Wyche et al., 2009).

Recently, Graus et al. (2010) developed a PTR-TOF mass spectrometer with im-
proved sensitivity and mass resolving power. A mass resolving power of up to 5000
and a mass uncertainty (accuracy and precision combined on a 95 % confidence level)20

of 7.9 ppm was reported. This instrument distinguishes most atmospherically relevant
protonated isobaric VOCs and identifies the respective molecular formulas according
to the measured accurate mass.

In the present study, we evaluate the performance of the high resolution PTR-TOF
in a TMB smog chamber study. We determined the molecular formulas CmHnNoOp25

of TMB gas-phase photo-oxidation products and grouped them according to their C,
O and N numbers to get the total carbon mass balance and the time evolution of the
total O:C ratio during individual photo-oxidation experiments. As there are no other
measurements available for these quantities, the results are discussed and compared

25874

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/25871/2011/acpd-11-25871-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/25871/2011/acpd-11-25871-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 25871–25907, 2011

Analysis of high
mass resolution
PTR-TOF mass

spectra

M. Müller et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

to modeling results based on the master chemical mechanism (MCMv3.1; Bloss et al.,
2005a ,b). This information is then further used to represent the oxidative degradation
of TMB in the OSC −nC space. In addition, SOA samples were collected on filter
substrates followed by thermo-desorption and PTR-TOF analysis. SOA O:C ratios as
well as average carbon oxidation states OSC were determined at different desorption5

temperatures.

2 Experimental and methods

2.1 High resolution PTR-TOF

2.1.1 Instrumental setup

The high resolution PTR-TOF instrument (Graus et al., 2010) couples the advantages10

of a commercial PTR ion source (Ionicon Analytik, Innsbruck, Austria) with the ad-
vantages of a state-of-the-art high mass resolution time-of-flight mass spectrometer
(Tofwerk AG, Thun, Switzerland).

PTR is a soft ionization technique with a low amount of fragmentation (Lindinger
et al., 1998). As a consequence, most VOCs are detected in their protonated form15

containing the atomic composition information in the measured exact mass. Exceptions
and their impact on the measurement of total carbon content, O:C ratios and the carbon
oxidation state are discussed in the Supplement.

In the current study, the prototype PTR-TOF mass spectrometer reached a mass
resolving power of about 5000 (FWHM) combined with a mass accuracy of 20 ppm.20

These instrumental parameters allowed distinguishing compounds of identical nominal
mass but different molecular formula. With a primary ion signal of about 4×105 cps,
the instrument achieved a TMB sensitivity of ∼10 cps ppbv−1 with a corresponding 3σ
limit of detection of 40 pptv for one-minute integration time. Quantification of the target
compounds of this study is described in the Supplement.25
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To gather more analytical information (see Supplement), the drift tube of the PTR-
TOF instrument was operated in two E/N modes, at 135 Td and 90 Td respectively (with
E as the electric field and N as the neutral gas concentration; 1 Td=10−17 V cm2). The
corresponding drift tube voltages were 600 V (PTR-TOF600) and 400 V (PTR-TOF400).
The drift tube temperature was kept constant at 60 ◦C for both voltage settings. The5

PTR-TOF600 and PTR-TOF400 conditions were used to identify different fragmentation
and clustering intensities of product ions observed during the photo-oxidation studies.

In addition to high resolution PTR-TOF measurements, TMB photo-oxidation exper-
iments were also monitored with a commercial High Sensitivity PTR-MS instrument
(Ionicon Analytik, Innsbruck, Austria) which deploys a quadrupole mass filter with unit10

mass resolution.

2.1.2 Data acquisition and evaluation

For PTR-TOF data acquisition, ions were pulsed into the TOF section every 32 µs. A
Time-to-Digital Converter (TDC) recorded the arrival times of all ions detected by a
Multichannel Plate (MCP). The time resolution of the TDC was 0.625 ns, resulting in15

49 088 data bins per spectrum. The spectral information of 1 875 000 extractions was
co-added to produce 1 min averaged spectra. During the smog chamber experiments
a mass range from m/z 0 to m/z 325 was covered; during the SOA thermo-desorption
experiments, the mass range was increased up to m/z 600.

For data evaluation, a custom peak detection routine was used as described by20

Müller et al. (2010), enabling analysis of high mass resolved PTR-TOF time-series.
Well-defined instrumental background ion peaks were used to obtain an accurate and
precise mass scale on a one minute time scale. Co-addition of the spectra over 30 min
periods resulted in no smearing-out of the peaks in the sum spectra. A peak search sub
routine analyzed the integrated spectra of the entire photo-oxidation experiment and25

produced a list of all detected peaks. A superposition of Gaussian-like peak shapes
was used for peak fitting. Finally, the peak intensities were TOF-MS duty cycle cor-
rected and normalized to the primary ion signal.
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The high mass accuracy of the entire data acquisition and evaluation process al-
lowed an elemental analysis of the whole spectra by determining the molecular for-
mulas CmHnNoOp using Elcomp™ chemistry software (ChemSW, Inc., USA). Based
on MCM chemistry, nitrogen atom numbers o were limited to 0 and 1. Identified ions
could be separated and grouped according to their C, O and N numbers. In addition,5

atomic O:C ratios were calculated by dividing the total oxygen mole fractions (sum
of all products multiplied with their corresponding oxygen number; ppbO) by the total
carbon mole fraction (sum of all products in ppbv multiplied with their corresponding
carbon number; ppbC). Further information about quantification can be found in the
Supplement.10

2.2 Paul Scherrer Institute environmental chamber

A series of photo-oxidation experiments was performed at the Paul Scherrer Institute
(PSI) environmental chamber. It is a cubic 27 m3 FEP fluorocarbon bag installed in
a temperature controlled housing. Temperatures were stabilized at 20 ◦C during all
experiments. The solar spectrum was simulated by four 4 kW xenon arc lamps. Details15

are described by Paulsen et al. (2005).

2.2.1 Experiments

A series of five experiments with initial TMB concentrations between 147 and 511 ppbv
and initial NOx concentrations ranging from 65 to 304 ppbv were performed. Table 1
summarizes the initial conditions for all experiments. During experiment 4, HONO was20

continuously added into the chamber to support OH formation.

2.2.2 Master Chemical Mechanism simulations

The Master Chemical Mechanism (MCMv3.1) was applied to simulate the TMB photo-
oxidation experiments and to compare the modeled reaction products with the PTR-
TOF results. Version 3.1 of the MCM uses kinetic and mechanistic data to construct25
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degradation schemes for 18 aromatic VOCs, including 1,3,5-trimethylbenzene, accord-
ing to Jenkin et al. (2003). A schematic representation of the OH initiated oxidation of
TMB as implemented in the MCMv3.1 (Bloss et al., 2005a, b; Metzger et al., 2008) is
depicted in Fig. 1. The scheme includes first-generation oxidation products only. Ac-
cording to current knowledge, OH-reaction pathways include (i) OH addition leading5

to “phenolic”, “peroxide-bicyclic” or “epoxy-oxy” first generation/intermediate reaction
products, and (ii) H abstraction at a methyl group. Products depicted in grey have
expected yields <1 % for initial conditions of experiments 1a and 1b.

Table 2 summarizes the MCMv3.1 simulated oxidation products for initial conditions
of experiments 1a and 1b with a yield >1 %. All expected products are grouped accord-10

ing to their carbon number nC and expected maximum mixing ratios are also given. Of
the 17 predicted products, highest yields are expected for methylglyoxal and acetic
nitric peroxyanhydride (PAN) with volume mixing ratios of 118 ppbv and 65 ppbv, re-
spectively.

2.2.3 Sampling and analysis of SOA15

In addition to gas phase measurements, SOA samples were collected on Teflon filters.
A PTFE filter holder equipped with a Teflon filter of a pore size of 1.2 µm was installed
into a copper sample line. Within 10 min, a total volume of 100 l was sampled through
the filter. After sampling, the filter was purged for one minute with pure nitrogen, sealed
and kept in a freezer at −20 ◦C until analysis. Once the chamber experiment was com-20

pleted, the SOA sample was put into a temperature controlled 1/4” passivated stainless
steel tube (Silco-Steel®, Restek, Bellefonte, USA). This desorption unit was flushed
with 100 sccm of pure nitrogen and sampled with the PTR-TOF. After sampling at ambi-
ent temperature for 10 min, the desorption unit was heated up stepwise to 75 ◦C, 100 ◦C
and 125 ◦C with transient times of less than 60 s holding each temperature for 10 min.25

Finally, one further temperature increase to 140 ◦C was performed to test whether the
previous desorption steps had covered a wide enough temperature range and to clean
the desorption unit before cooling it down.
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For data analysis of the SOA desorption spectra a uniform sensitivity was assumed.
All detected ions were quantified using the acetone sensitivity.

2.3 Van Krevelen diagram

The Van Krevelen diagram (Van Krevelen, 1950) was developed to illustrate chemical
composition changes by cross plotting O:C and H:C ratios. In the Van Krevelen di-5

agram, the addition of functional groups is characterized by different slopes, e.g. the
addition of an alcohol or peroxide results in a slope of 0, the addition of a carboxylic
acid results in a slope of −1 and the addition of a ketone or aldehyde results in a slope
of −2. The ratios of O:C and H:C can be directly measured by means of high resolution
PTR-TOF. Van Krevelen diagrams have recently been used as a diagnostic tool for the10

analysis of organic aerosols by Heald et al. (2010).

2.4 Average carbon oxidation state OSC

The concept of the average carbon oxidation state, OSC, with a focus on organic
aerosol, was recently discussed by Kroll et al. (2011). Therefore only a brief intro-
duction will be given here.15

The oxidation state of carbon is defined as the theoretical charge of a carbon atom
that loses all electrons in bonds with more electronegative atoms and gains all elec-
trons in bonds with less electronegative atoms. OSC can be calculated as the sum over
all non-carbon elements i of the oxidation associated with element i (OSi ) multiplied
with the molar ratio of element i to carbon (ni/nC; Eq. (1).20

OSC =−
∑
i

OSi
ni

nC
(1)

In a closed system, OSC increases as oxidation progresses. The highest carbon oxi-

dation state that can be reached is the complete oxidation towards CO2(OSC =4).
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VOCs and organic aerosol in the atmosphere mainly consist of carbon (C), hydrogen
(H) and oxygen (O) atoms. According to the definition of the OSC, H decreases the

OSC by 1 and O increases the OSC by 2 for oxygen-containing functional groups like
alcohols, carbonyls, carboxylic acids, ethers and esters. Therefore, if the abundance
of other elements is negligible, equation 1 can often be simplified to:5

OSC ∼2
O
C
− H

C
(2)

Peroxide groups that are expected to be formed during the TMB photo-oxidation ex-
periments, will introduce a deviation from Eq. (2) since their O atoms have an oxidation
state of −1. Nevertheless, Kroll et al. (2011) discussed that even for peroxide-rich sys-
tems (e.g. isoprene ozonolysis), Eq. (2) yields an OSC that is within 0.1 of the exact10

value from Eq. (1). Therefore all results will be calculated using the simplified Eq. (2).

3 Results and discussion

3.1 Comparison of high resolution PTR-TOF data and conventional PTR-MS
results

The improved analytical specificity of the high resolution PTR-TOF as compared to15

a conventional quadrupole-based PTR-MS instrument is exemplified in Fig. 2. While
the latter detects only one ion signal at m/z 113, the PTR-TOF detected three iso-
bars (C5H5O+

3 , C6H9O+
2 , and C7H13O+; respectively m/z 113.023, m/z 113.060 and

m/z 113.096). Accurate elemental composition information is essential to conduct the
analyses presented herein.20

Further analytical information (e.g. identification of fragment ions) can be gained by
operating the PTR-TOF at different drift voltage settings. Figure 3 depicts the time evo-
lution of selected ion signals as measured during experiment 1a (PTR-TOF600) and ex-
periment 1b (PTR-TOF400). Panel (a) demonstrates the agreement in the quantification
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of the TMB degradation with both instrument settings PTR-TOF400 and PTR-TOF600
from the experiments 1b and 1a, respectively. Panel (b) shows the time evolution of
the primary degradation product methylglyoxal (measured on m/z 73.029, plus frag-
ment at m/z 45.033). Panel (c) depicts the results for C6H9O+

2 (according to MCMv3.1
dimethylfuranone and methyloxopentenal), measured on m/z 113.060 plus its hydrate5

on m/z 131.070. Panel (d) depicts the time evolution of C9H11O+ (m/z 135.080) and
panel (e) shows the time series of C9H13O+(m/z 137.096), which correspond to 3,5-
dimethylbenzaldehyde and 2,4,6-trimethylphenol, respectively. PTR-TOF data mea-
sured in the two operation modes compare very well, demonstrating the high repro-
ducibility of the initial conditions of experiments 1a and 1b and indicating that quantifi-10

cation of the given signals is not complicated by ionic fragmentation or signal overlaps.
Panel (f) shows the time evolution of the C9H13O+ ion which is formed upon protonation
of PAN and subsequent reaction of protonated PAN with water (Hansel and Wisthaler,
2000). The C9H13O+ ion yield from PAN increases when lowering the drift tube volt-
age. Differences in PTR-TOF600 and PTR-TOF400 data can be used for compound15

identification.
During the experiments, 13 possible products with a molar yield >1 % were detected.

Table 3 displays the measured ionic formulas, potential neutral precursors, and the ob-
served maximum volume mixing ratios (VMR). Methylglyoxal was detected with a max-
imum VMR of 140 ppbv. This is in fairly good agreement with the expected formation20

of 118 ppbv of methylglyoxal derived from MCMv3.1 simulations.
PAN is difficult to quantify by PTR-MS. Major product ions are NO+

2 and C2H5O+
3 ,

with NO+
2 being an unspecific fragment from many nitro-group containing compounds.

Relative NO+
2 and C2H5O+

3 yields from PAN were not determined in the current study.
According to the PTR-TOF400 data, the PAN mixing ratio can be constrained between25

44 ppbv (C2H5O+
3 contribution only; Fig. 3f) and 98 ppbv (sum of C2H5O+

3 and NO+
2 ).

The MCMv3.1 derived formation of 65 ppbv of PAN falls between these boundaries.
The C2H5O+

2 signal, possibly formed from acetic acid or hydroxyacetaldehyde, shows
a rather linear increase during the whole experiment reaching more than 80 ppbv at the
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end of the experiment. Acetic acid is a common artifact in smog chamber studies. A
blank experiment in which the chamber was irradiated in the absence of any reagent
produced C2H5O+

2 concentrations between 10 and 20 ppbv. MCMv3.1 chemistry ex-
pects only about 2 ppbv of acetic acid being formed for the conditions of experiments
1a and 1b. A significant fraction of the C2H5O+

2 signal may thus be due to off-gassing5

from the chamber walls which was later also detected by ion chromatography mea-
surements (Praplan et al., 2011).

MCMv3.1 chemistry expects the formation of dimethylfuranone and methyloxopen-
tenal. Only 24 ppbv of the corresponding C6H9O+

2 ions were detected, which is less
than half of the MCMv3.1 predictions. The second significant C6 contribution, C6H9O310

(MCMv3.1: methyloxopentenoic acid and acetylmethyloxiranecarbaldehyde) was de-
tected with a mixing ratio of 17 ppbv. The observed levels perfectly agree with the
MCMv3.1 model output.

The formation of C4H7O+
2 and C5H9O+

2 ions cannot be explained by MCMv3.1 chem-
istry. These ions arise either from unknown reaction products or from fragmentation of15

higher-molecular weight products.
A more detailed analysis of mass spectra produced for both PTR-TOF600 and PTR-

TOF400 conditions indicates that no significant amounts of nitrates and peroxyanhy-
drides (with the exception of PAN) were formed (see Supplement).

3.2 High mass resolved product analysis by PTR-TOF20

During the TMB degradation experiments about 200 peaks were detected and identi-
fied (CmHnNoOp) in the gas-phase PTR-TOF mass spectrum. Figure 4a depicts the
total amount of carbon of all TMB degradation products measured during experiment
1a (PTR-TOF600 condition). The measurements are compared to the MCMv3.1 model
output for which chamber dilution was corrected and the products CO and CO2 were25

neglected. The time trend is very similar and measured carbon mixing ratios were only
about 18 % below the MCMv3.1 model output after 7 h. This discrepancy may be ex-
plained by the fact that neutral C-containing fragments are formed upon protonation
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(e.g. from PAN-type compounds or esters, see Supplement) in the PTR-TOF. Carbon-
containing neutral fragments are not accounted for in a mass spectrometric analysis.

Figure 4b compares the measured carbon volume mixing ratios of products with
MCM calculations for one high concentration experiment with TMB/NOx =1.9, two low
concentration experiments with TMB/NOx =0.6 and TMB/NOx ≈2.5, and one low con-5

centration experiment with HONO addition. The PTR-TOF measures on average only
15 % less carbon than modeled (slope of linear regression=0.85). All data lie within
the boundary lines given by slopes of 0.70 and 0.95. This finding suggests that PTR-
TOF detects most of the carbon of the photo-oxidation products although it is difficult
or impossible to individually identify nitrates, “peroxide-bicyclic” and “epoxy-oxy” com-10

pounds or other functionalized species.
Figure 5 depicts the time evolution of C2, C3, C4, C5, C6 and C9 TMB degradation

products as measured by PTR-TOF (PTR-TOF600 and PTR-TOF400) and modeled us-
ing MCMv3.1 chemistry (Metzger et al., 2008). Only small amounts of C1, C7, and C8
compounds were measured (maximum 11 ppbC, 34 ppbC and 44 ppbC, respectively)15

which have thus not been included in the figure.
About 2–3 times more C2 products are measured than modeled (panel a). C2H5O+

2
(acetic acid or hydroxyacetaldehyde) was identified by PTR-TOF as the dominating
compound. As discussed above, roughly 20–40 ppbC of acetic acid can be attributed
to wall off-gassing and the MCMv3.1 model expects only low acetic acid concentra-20

tions from TMB degradation (< 5 ppbC). This implies that the C2H5O+
2 ion arises from

hydroxyacetaldehyde or is an ionic fragment. The MCMv3.1 C2-signal is dominated by
up to 130 ppbC of PAN. The contribution from PAN may be significantly underestimated
in the experimental data.

The measured C3 reaction products shown in panel (b) are dominated by methylgly-25

oxal. Measured data are in good agreement with model expectations. About 60 ppbC
of the higher C3 product signal can be explained by the difference of the measured and
the expected methylglyoxal concentration.
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Panels (c) and (d) depict the temporal evolutions of the measured and modeled C4
and C5 TMB degradation products. MCMv3.1 simulations predict only low C4- and
C5-product yields. By comparing PTR-TOF600 and PTR-TOF400 data, it is obvious
that more C4 but less C5 compounds are measured in the PTR-TOF600 mode. This
suggests that different drift tube settings lead to different fragmentation pathways and5

supports the conclusion that some of the measured C4 and C5 compounds are frag-
ments from molecules with higher carbon numbers. It is interesting to note that the
sum of C4 and C5 compounds is in fairly good agreement for the PTR-TOF400 and
PTR-TOF600 modes. C6 and C9 compounds measured by PTR-TOF in both operation
modes compare very well, as shown in panels (e) and (f), respectively. MCMv3.110

calculations predict significantly more C6 and C9 compounds than observed. The
measured first generation ring-opening products C6H9O+

2 (dimethylfuranone, methy-
loxopentenal) are lower than model predictions. The biggest MCMv3.1 contribution
on C6 arises from oxopropanyl oxopropanoate (C6H8O4), a product of dimethylfura-
none, with an expected maximum level of 306 ppbC. This ester is expected to frag-15

ment upon protonation (see Supplement). Between 5–10 ppbC of the protonated com-
pound (C6H9O+

4 ) were detected for both the PTR-TOF600 and the PTR-TOF400 condi-
tion. The measurements also show only minor contributions from nitrogen containing
compounds. The largest contributors to measured C9 compounds are from C9H11O+

(3,5-dimethylbenzaldehyde) and C9H13O+ (2,4,6-trimethylphenol) which are both not20

expected to fragment upon protonation. However, these two species make up only 7 %
of the first generation products according to MCMv3.1 (see Fig. 1). From the less sta-
ble ring-retaining “peroxide-bicyclic” compounds, only a small fraction is expected not
to fragment upon protonation. These compounds may have partially fragmented to the
C4 and C5 ions discussed above.25

Figure 6a compares the gas phase total oxygen-to-carbon ratios (O:Cgas) measured
by PTR-TOF and simulated with the MCMv3.1. Similar to the total measured products
depicted in Fig. 4, good agreement between measurements and MCMv3.1 simulation
was found for the first 4 h of reaction. Figure 6b illustrates the time evolution of the
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individual highly mass resolved PTR-TOF signals with different O:C ratios that con-
tribute to the measured total O:C ratio. Reaction products with a higher O:C ratio start
to rise later than products with a lower ratio, suggesting that they are of secondary
origin.

The O:Cgas ratios for experiments 1a, 2, 3, and 4 are depicted in Fig. 7a. Differences5

in the temporal evolution of the O:Cgas ratios are clearly discernible. Experiment 1a
and experiment 2 started with similar TMB/NOx ratios but different initial concentrations
(see Table 1). O:Cgas develops similarly over time reaching maximum levels of about
0.30 after 7 h of reaction. O:Cgas measured during experiment 3 (high initial NOx)
shows a similar initial behavior compared to experiment 1a up to 3 h of reaction but then10

continues to rise. In experiment 4a (HONO addition), oxidation starts immediately with
O:Cgas reaching a maximum of 0.45 after 7 h of reaction. Figure 7b again shows that
the measured O:Cgas ratios are very close to the modeled ones. A linear regression of
all data yields a slope of 0.94. The upper and lower bounds have slopes of 1.05 and
0.75, respectively. In the PTR-TOF, protonation may lead to loss of oxygen (e.g. via15

H2O loss following protonation of an −OH group or HNO3 loss following protonation of
an −ONO2 group) but this effect is obviously small or counterbalanced by the loss of
carbon.

3.3 SOA analysis

After 4 h of reaction during experiment 1b, measured atomic O:CSOA ratios of the col-20

lected and thermally desorbed SOA were between 0.57 and 0.51 (Table 4). This is
somewhat higher than the atomic O:C ratios measured by HR TOF-AMS (O:C=0.45;
Jimenez et al., 2009). O:CSOA slightly decreases towards higher desorption temper-
atures. The degree of oxidation is more than double the one observed for the total
gas phase O:Cgas (including TMB) at the same reaction time of experiment 1b, but a25

bit lower than O:C observed for the gas phase products only (O:C=0.60, excluding
TMB). It is likely that O:CSOA is underestimated due to fragmentation as discussed for
the gas phase results.
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Figure 8 depicts the relative distribution of carbon in the gas phase and in SOA ac-
cording to the carbon atom number nC (a) and according to the oxygen atom number
nO (b). A comparison of the gas phase product (excluding TMB) and SOA distribution
shows a higher average carbon number per molecule and a higher oxygen amount in
the SOA. For the three temperature desorption steps, the biggest differences in the5

carbon number are visible for the C9 compounds. Relative C9 intensities rise towards
higher temperatures. While O:CSOA slightly decreases towards higher desorption tem-
peratures, the oxygen number distribution gets shifted towards higher oxygen numbers.
This suggests that the more volatile fraction is composed of shorter and more oxidized
molecules while the low volatility fraction contains longer chained but somewhat less10

oxidized molecules.

3.4 Van Krevelen Diagram

Figure 9 illustrates the Van Krevelen diagram which includes data from four gas phase
measurements (experiments 1a, 2, 3, 4) and from one SOA experiments (experiment
1b). Data from all experiments cover a narrow range in the Van Krevelen diagram.15

Starting with an O:C ratio of 0 and an H:C ratio of 1.33 (with TMB having the molecular
formula C9H12), the O:C ratio increases during the photo-oxidation process while the
H:C ratio stays about constant. A maximum H:C ratio of 1.49 was measured for the
particulate phase at 75 ◦C desorption temperature. The gas-phase oxidation is char-
acterized by a slope of ∼0 in the Van Krevelen diagram as opposed to the slope of −120

typically found for organic aerosol (Heald et al., 2010). Particles show a similar H:C
ratio (except for low desorption temperature), but a higher O:C ratio. The position of
the particle measurements in the Van Krevelen diagram is in agreement to the findings
of Heald et al. (2010).
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3.5 Carbon oxidation state

Figure 10 visualizes the OSC−nC positions of all detected m/z ratios measured in the
gas phase and all m/z measured from the SOA analysis. With a few exceptions all of
the gas phase species are located to the right of TMB and towards higher OSC (upper
right area). In the particle phase also species with higher nC than TMB were observed5

filling the space towards the upper left. Figure 10 also depicts the evolution of the aver-
age OSC of experiments 1a, 2, 3, 4 within the first seven hours of photo-oxidation in the

OSC−nC space. Starting at OSC−nC of TMB the oxidation trajectories move towards

higher OSC values due to functionalization and towards lower nC due to fragmentation.
The fragmentation pathway is dominant in the beginning and a stronger increase of10

OSC occurs later. This may be specific to aromatic compounds as compared to long
chain hydrocarbons or terpenes.

Experiment 1a and 2 (similar VOC/NOx ratios) show a similar OSC after 7 h of exper-

iment (OS
max

C ∼−0.7), but experiment 2 shows a higher degree of fragmentation. As
seen in Fig. 6, experiment 2 also has a higher O:C ratio. The high NOx experiment 315

shows the highest OSC value after 7 h of reaction (OS
max

C =−0.39) with an nC of 3.4.
Experiment 4 shows a quite similar initial behavior compared to experiment 2, but ends

at a higher OSC value of about OS
max

C =−0.5. In addition, the fragmentation is further
developed to an average nC of 3.3.

Comparison of experiment 1a with the SOA samples taken after 4 h of reaction time20

shows a higher OS
SOA

C at all temperature steps (OS
SOA

C ∼−0.34 to −0.31) than for the

gas phase species (OS
4 h

C =−0.87, n4 h
C = 5.5). The most volatile SOA evaporated at

75 ◦C shows the lowest nC = 4.7, whereas at 100 ◦C and 125 ◦C a nC of between 5.5
and 5.9 is measured. According to Kroll et al. (2011), the position of the 100 ◦C and the
125 ◦C samples in the OSC vs. nC space are in the range, where fresh SOA is expected25

(OSC =−0.5−0; data measured by AMS – Paulot et al., 2009).
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4 Conclusions

In the present study, we evaluate the performance of a high resolution PTR-TOF for
environmental chamber measurements. The measured amount of carbon was only
∼15 % lower than the amount of carbon available from the TMB degradation. Time
series of C3, C6 and C9 products compared well for the PTR-TOF600 and PTR-TOF4005

operation modes but showed significant differences to MCMv3.1 predictions. The ob-
servation of C4 and C5 products was attributed to ionic fragmentation processes. The
measured total O:C ratio in the gas phase was slightly lower than MCMv3.1 predictions
(0.75 to 1.05). PTR-TOF measurements also allowed a direct determination of the av-
erage carbon oxidation state OSC as a function of the average carbon number nC.10

Photo-oxidation of TMB is characterized by strong initial fragmentation followed by an
increase in OSC during the later phase of the photo-oxidation experiments. Compared
to gas samples at the same time of reaction, SOA sampled by filters and measured
after thermal desorption was characterized by a larger average carbon skeleton and
higher OSC. Observed OSC values in the range between of −0.34 to −0.31 were in15

agreement with reported numbers for fresh SOA.
The obtained results demonstrate that high resolution PTR-TOF is a valuable method

to study the oxidation of organic compounds. Fragmentation of ions upon protonation
(e.g. loss of hydroxy, hydroperoxy or nitrooxy groups) is problematic, but for the TMB
system the carbon budget and O:C ratios were still captured fairly well. This needs to20

be further investigated for other precursors.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/25871/2011/
acpd-11-25871-2011-supplement.pdf.
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Table 1. Initial conditions of all conducted TMB experiments and PTR-TOF instrumental set-
tings. Experimental conditions varied from about 150 ppbv to 510 ppbv TMB at VOC/NOx ratios
between 0.5 and 2. During experiment 4, HONO was continuously added to the chamber to
support OH formation.

Experiment TMB NO NO2 Relative PTR-TOF PTR-TOF
# (ppbv) (ppbv) (ppbv) Humidity Drift Tube Mode

(%) E/N (Td)

1a 511 135 129 52 135 PTR-TOF600
1b 505 135 130 53 90 PTR-TOF400
2 164 35 30 49 135 PTR-TOF600
3 148 134 129 48 135 PTR-TOF600
4 152 HONO∼10 ppbv 62 135 PTR-TOF600
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Table 2. Overview of all MCMv3.1 predicted TMB degradation products with a molar yield
>1 %. The products are grouped according to their number of carbon atoms nC. The pre-
dicted maximum volume mixing ratio (max. VMR) within the first 10 h of reaction time during
experiment 1a is also shown.

#C MCMv3.1 products molecular max. VMR total
formula (ppbv) (ppbC)

1 formaldehyde CH2O 21 21
2 acetic nitric peroxyanhydride (PAN) C2H3NO5 65 130
3 methylglyoxal C3H4O2 118 354
5 methylfurandione C5H4O3 6 30

6

dimethylfuranone C6H8O2 41

1134

methyloxopentenal C6H8O2 15
methyloxopentenoic acid C6H8O3 6
acetylmethyloxiranecarbaldehyde C6H8O3 12
oxopropanyl oxopropanoate C6H8O4 51
hydroperoxyhydroxydimethyldihydrofuranone C6H10O5 9
methyloxopentenyloxiranecarbaldehyde C6H10O5 8
methyloxopentenoic nitric peroxyanhydride C6H7NO6 31
hydroperoxydimethyloxotetrahydrofuranyl nitrate C6H9NO7 9
nitric oxopropanoyloxypropanoic peroxyanhydride C6H7NO8 7

9

hydroxytrimethyldioxabicyclooctenone C9H12O4 10

324hydroperoxytrimethyldioxabicyclooctenol C9H14O5 12
hydroxytrimethyldioxabicyclooctenyl nitrate C9H13NO6 14
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Table 3. List of ion sum formulas of the major TMB degradation products measured during
experiments 1a and 1b within 7 h of reaction. The measured maximum volume mixing ratio
(max. VMR) is also given.

Ionic m/z neutral max. VMR PTR-TOF
formula precursor (ppbv) mode (V)

C3H5O2 73.028
45.033

methylglyoxal 140 600+400

C2H5O2 61.028
43.017

potential artifact
acetic acid
hydroxy acetaldehyde

85 400

NO2 45.992 nitrate fragment e.g. PAN
92 600
39 400

C2H5O3 77.024 PAN fragment
5 600

59 400
C6H9O2 113.060 dimethylfuranone

methyloxopentenal
24 600+400

C6H9O3 129.053
111.045

methyloxopentenoic acid
acetylmethyloxiranecarbaldehyde

17 600+400

C5H5O3 113.024 methylfurandione 13 600+400
C2H7O 47.048

65.062
e.g. ethanol 12 600+400

C4H7O2 87.045 possible fragment
12 600

6 400
CH3O2 47.013 e.g. formic acid 9 600
C9H13O 137.094 trimethylphenol 9 600+400
CH5O 33.034

51.047
e.g. methanol 8 600+400

C5H9O2 101.060 unidentified 7 600+400
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Table 4. Overview of total O:C ratios measured in the particle phase (O:CSOA), in the total gas
phase (including TMB; O:Cgas) and for the gas phase products (excluding TMB, O:C) after 4 h
of reaction during experiment 1b.

desorption temperature (◦C) 75 100 125

O:CSOA 0.57 0.54 0.51
O:Cgas (total gas phase) 0.24
O:C (gas phase products) 0.60
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Fig. 1. Schematic representation of the TMB oxidation pathways in the presence of NOx as
implemented in the MCMv3.1 (first generation products only).
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Fig. 2. Time evolution of highly mass resolved PTR-TOF400 data of three m/z 113 isobars
(C5H5O+

3 , C6H9O+
2 , and C7H13O+ detected at m/z 113.023, m/z 113.060 and m/z 113.096,

respectively) compared to unit mass resolution data from a HS PTR-MS instrument.
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Fig. 3. Time evolution of (a) TMB and (b)–(f) selected TMB degradation products as measured
during experiment 1a (PTR-TOF600) and experiment 1b (PTR-TOF400).
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Fig. 4. (a) Time evolution of the total carbon concentration measured in all TMB degradation
products (major contribution from methylglyoxal shown individually) and the available amount
of carbon from TMB degradation. (b) Linear regression plot of measured versus MCMv3.1
modeled total carbon formed during TMB oxidation.
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Fig. 5. Time evolution of C2, C3, C4, C5, C6, and C9 TMB degradation products as measured
by PTR-TOF600 and PTR-TOF400 and predicted by the MCMv3.1
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(a)

(b)

Fig. 6. (a) Measured total O:C ratios (PTR-TOF600 and PTR-TOF400; data from experiments
1a and 1b, respectively) compared with the MCMv3.1 model output. (b) Time evolution of
individual highly mass resolved PTR-TOF signals with different O:C ratios as observed during
experiment 1a.

25903

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/25871/2011/acpd-11-25871-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/25871/2011/acpd-11-25871-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 25871–25907, 2011

Analysis of high
mass resolution
PTR-TOF mass

spectra

M. Müller et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

(a)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 2 4 6 8 10

O
:C

g
a
s

reaction time [h]

Exp. 1a

Exp. 2

Exp. 3

Exp. 4

(b)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 0.2 0.4 0.6 0.8 1

P
T

R
-T

O
F

 O
:C

g
a
s

MCM O:C

Exp. 1a

Exp. 2

Exp. 3

Exp. 4

slope = 0.75

slope = 1.05

slope = 0.94

Fig. 7. (a) Time evolution of total O:Cgas ratios measured with the PTR-TOF600 during experi-
ments 1a, 2, 3 and 4. (b) Linear regression plot of O:C ratio measurements versus MCMv3.1
simulations.
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Fig. 8. Relative distribution of total carbon in thermally desorbed SOA (75 ◦C, 100 ◦C, 125 ◦C)
and in the gas phase (products only and total gas phase including TMB) according to the carbon
atom number (a) and according to the oxygen atom number(b). SOA and gas phase samples
were taken after 4h reaction time (experiment 1b).

25905

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/25871/2011/acpd-11-25871-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/25871/2011/acpd-11-25871-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 25871–25907, 2011

Analysis of high
mass resolution
PTR-TOF mass

spectra

M. Müller et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

0 0.2 0.4 0.6 0.8 1

H
:C

O:C

Exp. 1a

Exp. 2

Exp. 3

Exp. 4

particles 75°C

particles 100°C

particles 125°C

Fig. 9. Van Krevelen diagram including data from experiments 1a, 2, 3 and 4 (gas phase) and
experiment 1b (SOA).
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Fig. 10. Data form the first 7 h of gas-phase measurements (experiments 1a, 2, 3 and 4) and
SOA measurements (experiment 1b) depicted in the OSC −nC space. Blue stars depict the

OSC−nC position of all detected m/z signals measured in the gas phase and red crosses indi-
cate all m/z signals detected in the SOA study. Solid lines indicate the evolution of the average
OSC during the course of the photo-oxidation experiments. Black symbols show the average

OSC in the particle phase as measured at different desorption temperatures (experiment 1b).
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