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Abstract. A series of 1,3,5-trimethylbenzene (TMB) photo- sation or reactive uptake on existing aerosols and form sec-
oxidation experiments was performed in the 27-Raul ondary organic aerosol (SOA). To better understand the for-
Scherrer Institute environmental chamber under varioug NO mation, growth and fate of atmospheric SOA, detailed infor-
conditions. A University of Innsbruck prototype high reso- mation about the many generations of gas-phase oxidation
lution Proton Transfer Reaction Time-of-Flight Mass Spec- chemistry and the gas-particle partitioning is necessary. The
trometer (PTR-TOF) was used for measurements of gas andurrent status of knowledge of formation, properties and im-
particulate phase organics. The gas phase mass spectrum digct of SOA was recently reviewed by Hallquist et al. (2009).
played ~200 ion signals during the TMB photo-oxidation  Recent studies account a large fraction of the total organic
experiments. Molecular formulasyEnNoO, were deter-  aerosol amount present in the atmosphere to SOA. In urban
mined and ion signals were separated and grouped accordreas, more than 60 % of the total organic aerosol mass may
ing to their C, O and N numbers. This allowed to deter- be attributed to SOA (Lanz et al., 2007). A significant frac-
mine the time evolution of the O:C ratio and of the averagetion of urban SOA is formed by anthropogenic precursors
carbon oxidation stat®Sc of the reaction mixture. Both (e.g. aromatic compounds such as benzene, toluene, xylenes
quantities were compared with master chemical mechanismand trimethylbenzenes), which are mostly emitted by fuel
(MCMv3.1) simulations. The O:C ratio in the particle phase combustion and evaporation (Calvert et al., 2002; Kanakidou
was about twice the O:C ratio in the gas phase. Averageet al., 2005; Molina et al., 2007).
carbon oxidation states of secondary organic aerosol (SOA) Jimenez et al. (2009) described a framework for the chem-
samplesO_S(S;OA were in the range 0f-0.34 to —0.31, in ical evolution of organic aerosol using field and smog cham-
agreement with expected average carbon oxidation states dfer data. High-Resolution Time-of-Flight Aerosol Mass
fresh SOA O = —0.5-0). Spectrometry (HR-TOF-AMS) was used for high time reso-
lution measurements of the organic aerosol composition. The
degree of oxidation was determined as the atomic O:C ratio
1 Introduction of organic aerosol based on the study by Aiken et al. (2008).
Heald et al. (2010) found that the bulk composition of or-
Volatile organic compounds (VOCS) are emitted into the at-ganic aerosol occupies a narrow range in the space of a Van
mosphere from various biogenic and anthropogenic sourcerevelen (H:C vs. O:C) diagram (Van Krevelen, 1950). Var-
Atmospheric degradation processes of these VOCs yieldous laboratory and field experiments are included, all char-
a multitude of oxygenated products with lower or higher acterized by a slope of —1.
volatility compared to the parent compound. Photo- Recently, Kroll et al. (2011) introduced the concept of an
oxidation products of lower volatility may subsequently un- average carbon oxidation sta®S: as a metric to describe
dergo transformation processes such as nucleation, condethe chemistry of atmospheric organic aerosol. Together with
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the carbon numberc, O was used to constrain the com- during individual photo-oxidation experiments. As there are
position of organic aerosol and to visualize key classes ofho other measurements available for these quantities, the re-
atmospheric reactions. sults are discussed and compared to modeling results based
Despite extensive efforts in recent years, significant unceron the master chemical mechanism (MCMv3.1; Bloss et al.,
tainties in the understanding of the photo-oxidation of aro-2005a,b). This information is then further used to represent
matic compounds still remain. Photochemical reactions ofthe oxidative degradation of TMB in th®@Sc-nc space. In
aromatics are highly complex with numerous reaction path-addition, SOA samples were collected on filter substrates fol-
ways and a large number of products, most of which arelowed by thermo-desorption and PTR-TOF analysis. SOA
photo-chemically active. Low concentrations of a large num-O:C ratios as well as average carbon oxidation st&gs
ber of highly oxygenated compounds with widely varying were determined at different desorption temperatures.
properties make detection by conventional analytical meth-
ods difficult. Proton-Transfer-Reaction Mass Spectrometry
(PTR-MS) has proven to be a quantitative method for VOC ,
analysis (Lindinger et al, 1998; de Gouw et al., 2003). PTR-
MS has been applied in gevergl environmental chamber studz1 High Resolution PTR-TOF
ies 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., 2009). Nevertheless, the unit mass?'l'1 Instrumental setup

resolving power constricts the compound identification capa- : . .
bility of conventional PTR-MS instruments. Recently, PTR- The high resolution PTR-TOF instrument (Graus etal., 2010)

MS has also been applied to the measurement of SOA COmcouples the advantages of a commercial PTR ion source (lon-

position (Hellen et al., 2008; Holzinger et al., 2010; Thorn- icon Analytik, Innspruck, Austria) W'.th the advaqtages of
berry etal., 2009). Hellen et al. (2008) denuded the gas phas% state-of-the-art high mass resoluulon time-of-flight mass
. ' ) Spectrometer (Tofwerk AG, Thun, Switzerland).

and directly evaporated the remaining particle phase. Thé ) S . .
other studies deployed an aerosol collection inlet to accu- " 1R IS @ soft ionization technique with a low amount of

mulate aerosol mass. The collected particles were thermalljfagmentation (Lindinger et al., 1998). As a consequence,
desorbed to volatilize the organic compounds which wereMost VOCs are detected in their protonated form containing
subsequently detected by PTR-MS (Holzinger et al., 2010) OIthe atomic co_mposmon qurmauon in the measured exact
by a PTR lon—Trap MS instrument (Thornberry et al., 2009). mass. Exceptions and the|r impact on the measu.rem.ent of to-

In the last years, the PTR technology was enhanced b}al cgrbon cont.ent, O:C ratios and the carbon oxidation state
coupling the PTR ion source to a Time-of-Flight Mass Spec-2'€ discussed in the Supplement.
trometer (TOF-MS; Blake et al., 2004; Ennis et al., 2005; In the current study, the prototype PTR-TOF mass spec-
Tanimoto et al., 2007). However, poor instrumental sensitiv-Irometer reached a mass resolving power of about 5000
ities and mass resolving power brought only little increase(FWHM) combined with a mass accuracy of 20 ppm. These
in compound identification capabilities compared to conven-instrumental parameters allowed distinguishing compounds
tional PTR-MS instruments. One of these instruments, thedf identical nominal mass but different molecular formula.
Chemical lonization Reaction Time-of-Flight Mass Spec- With & primary ion signal of about 4 10> cps, the instru-
trometer (CIR-TOF-MS: Blake et al., 2006), measured thement achieved a TMB sensitivity of10 cps ppbv* with
gas phase precursors to anthropogenic secondary organft corresponding @ limit of detection of 40 pptv for one-
aerosol from 1,3,5-trimethylbenzene (TMB) photo-oxidation minute integration time. Quantification of the target com-
(Wyche et al., 2009). pounds of this study is described in the Supplement.

Recently, Graus et al. (2010) developed a PTR-TOF mass To gather more analytical information (see Supplement),
spectrometer with improved sensitivity and mass resolvingthe drift tube of the PTR-TOF instrument was operated in
power. A mass resolving power of up to 5000 and a mass untwo E/N modes, at 135 Td and 90 Td, respectively (with E
certainty (accuracy and precision combined on a 95 % conas the electric field and/ as the neutral gas concentration;
fidence level) of 7.9 ppm was reported. This instrument dis-1Td=10"1"Vcm?). The corresponding drift tube voltages
tinguishes most atmospherically relevant protonated isobarigvere 600V (PTR-TOgyo) and 400V (PTR-TOkyo). The
VOCs and identifies the respective molecular formulas ac-drift tube temperature was kept constant af@0for both
cording to the measured accurate mass. voltage settings. The PTR-T@fp and PTR-TORkoo condi-

In the present study, we evaluate the performance of thdions were used to identify different fragmentation and clus-
high resolution PTR-TOF in a TMB smog chamber study. tering intensities of product ions observed during the photo-
We determined the molecular formulag8,NoOp of TMB oxidation studies.
gas-phase photo-oxidation products and grouped them ac- In addition to high resolution PTR-TOF measurements,
cording to their C, O and N numbers to get the total carbonTMB photo-oxidation experiments were also monitored with
mass balance and the time evolution of the total O:C ratioa commercial High Sensitivity PTR-MS instrument (lonicon

Experimental and Methods
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Analytik, Innsbruck, Austria) which deploys a quadrupole ranging from 65 to 304 ppbv were performed. Table 1 sum-

mass filter with unit mass resolution. marizes the initial conditions for all experiments. During ex-
periment 4, HONO was continuously added into the chamber
2.1.2 Data acquisition and evaluation to support OH formation.

For PTR-TOF data acquisition, ions were pulsed into thes 5 5 Master Chemical Mechanism simulations
TOF section every 32us. A Time-to-Digital Converter

(TD(_:) recorded the arrival time; of all ions_ detected by aThe Master Chemical Mechanism (MCMv3.1) was applied
Multichannel Plate (MCP). The time resolution of the TDC g simulate the TMB photo-oxidation experiments and to

was 0.625 ns, resulting in 49088 data bins per spectrum. Th%ompare the modeled reaction products with the PTR-TOF
spectral information of 1875000 extractions was co-addedegits. Version 3.1 of the MCM uses kinetic and mech-
to produce 1 min averaged spectra. During the smog chambegnstic data to construct degradation schemes for 18 aro-
experiments a mass range fromz(_) to m/z32$ was covered;  matic VOCs, including 1,3,5-trimethylbenzene, according to
during the SOA thermo-desorption experiments, the masgenkin et al. (2003). A schematic representation of the OH
range was increased upz600 (44 us extraction ime).  jnitiated oxidation of TMB (first-generation oxidation prod-
For data evaluation, a custom peak detection routine Wagcts) as implemented in the MCMv3.1 (Bloss et al., 2005a,
used as described by iMer et al. (2010), enabling anal- . \etzger et al., 2008) is depicted in Fig. 1. According to
ysis of high mass resolved PTR-TOF time-series. Well-cyrrent knowledge, OH-reaction pathways include (i) OH ad-
defmed instrumental back_ground ion peaks were usgd to deition leading to “phenolic”, “peroxide-bicyclic” or “epoxy-
tain an accurate and precise mass scale on a one minute timgy» first generation/intermediate reaction products, and (ii)
scale_. Wlth this method the spectra could be mtggrated OVe[ abstraction at a methyl group. Products depicted in grey
30min periods without any loss of mass resolution. A peaknaye expected yields1 % for initial conditions of experi-
search sub routine analyzed the integrated spectra of the eRyents 1a and b.
tire photo-oxidation experiment and produced a listof all de- 15516 2 summarizes the MCMv3.1 simulated oxidation

tected peaks. A superposition of Gaussian-like peak shapesyoqycts for initial conditions of experiments 1a and 1b with

was used for peak fitting. Finally, the pegk intensities. Were, yield >1%. All expected products are grouped according
TOF-MS duty cycle corrected and normalized to the Primaryq their carbon numbetc and expected maximum mixing

ion signal. The high mass accuracy of the entire data acQuiratins are also given. Of the 17 predicted products, highest

sition and evaluation process zi_llqwed an elemental analy5|§ie|ds are expected for methylglyoxal and acetic nitric per-
of the whole spectra by determining the molecular formUIasoxyanhydride (PAN) with volume mixing ratios of 118 ppbv

CmHnNoOp using Elcomp™ chemistry software (ChemSW, ;.4 65 ppbv, respectively.
Inc., USA). Based on MCM chemistry, nitrogen atom num- The excellent agreement between MCMv3.1 predictions

bers o were limited to 0 and 1. Identified ions could be sep- : ; -
. : and measured TMB, £ NOx is presented for various initial
arated and grouped according to their C, O and N numbers HNOIs p

conditions by Metzger et al. (2008).
In addition, atomic O:C ratios were calculated by dividing y d ( )
the total oxygen mole fractions (sum of all products mul-
tiplied with their corresponding oxygen number; ppbO) by

the total carbon mole fraction (sum of all products inppbv |, 4qgition to gas phase measurements, SOA samples were
multiplied with their corresponding carbon number; ppbC). ¢jiected on Teflon filters during experiment 1b between 4.5
Further information about quantification can be found in the 5,4 6 h of reaction time. A PTFE filter holder equipped with
Supplement. a Teflon filter of a pore size of 1.2um and a diameter of
47 mm was installed into a copper sample line. To eliminate
filter impurities from the aerosol sample, Teflon filters were

A series of photo-oxidation experiments was performed atPretreated by flushing with 51mirt of pure N2 at 140C

the Paul Scherrer Institute (PSI) environmental chamber. 10" 90 min. Within 102min, a total volume of 10201 was

is a cubic 27-r FEP fluorocarbon bag installed in a tem- Sampled through the filter. - After sampling, the filter was
perature controlled housing. Temperatures were stabilized Rurged for one minute with pure nitrogen, sealed and kept
20°C during all experiments. The solar spectrum was sim-N a freezer at-20°C until analysis. Once the chamber ex-
ulated by four 4 KW xenon arc lamps. Details are described?€Miment was completed, the complete SOA sample was put

2.2.3 Sampling and analysis of SOA

2.2 Paul Scherrer Institute environmental chamber

by Paulsen et al. (2005). into a temperature controlled 1/g¢assivated stainless steel
tube (Silco-Steel®, Restek, Bellefonte, USA). This desorp-
2.2.1 Experiments tion unit was flushed with 100 sccm of pure nitrogen and

sampled with the PTR-TOF. After sampling at ambient tem-
A series of five experiments with initial TMB concentrations perature for 10 m , the desorption unit was heated up step-
between 147 and 511 ppbv and initial N©oncentrations wise to 75°C, 100°C and 125 C with transient times of less

www.atmos-chem-phys.net/12/829/2012/ Atmos. Chem. Phys., 12, 8248-2012
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Fig. 1. Schematic representation of the TMB oxidation pathways in the presence,oédliplemented in the MCMv3.1 (first generation
products only).

Table 1. Initial conditions of all conducted TMB experiments and PTR-TOF instrumental settings. Experimental conditions varied from
about 150 ppbv to 510 ppbv TMB at VOC/NQatios between 0.5 and 2. During experiment 4, HONO was continuously added to the
chamber to support OH formation.

Experiment TMB NO NG Relative PTR-TOF Drift Tube PTR-TOF lights on
# [ppbv]  [ppbv] [ppbv]  Humidity [%0] E/N[Td] Mode [min]
la 511 135 129 52 135 PTR-T@dp 520
1b 505 135 130 53 90 PTR-TQky 471
2 164 35 30 49 135 PTR-TQBo 442
3 148 134 129 48 135 PTR-T@hy 599
4 152 HONO~ 10 ppbv 62 135 PTR-TQdgo 488

than 60s holding each temperature for 10m. Finally, oneof —1 and the addition of a ketone or aldehyde results in a
further temperature increase to I4Dwas performed to test  slope of—2. The ratios of O:C and H:C can be directly mea-
whether the previous desorption steps had covered a widsured by means of high resolution PTR-TOF. Van Krevelen
enough temperature range and to clean the desorption un@iagrams have recently been used as a diagnostic tool for the
before cooling it down. For data analysis of the SOA desorp-analysis of organic aerosols by Heald et al. (2010).

tion spectra a uniform sensitivity was assumed. All detected

ions were quantified using the acetone sensitivity. Blank fil-2.4 Average Carbon oxidation stateDSc

ter spectra were subtracted from the aerosol filter spectra for

each desorption temperature. The concept of the average carbon oxidation s@&, with
afocus on organic aerosol, was recently discussed by Kroll et

2.3 Van Krevelen diagram al. (2011). Therefore only a brief introduction will be given
here.

The Van Krevelen diagram (Van Krevelen, 1950) was de- The oxidation state of carbon is defined as the theoretical
veloped to illustrate chemical composition changes by crosgharge of a carbon atom that loses all electrons in bonds with
plotting O:C and H:C ratios. In the Van Krevelen diagram, more electronegative atoms and gains all electrons in bonds
the addition of functional groups is characterized by differentwith less electronegative atoms.

slopes, e.g. the addition of an alcohol or peroxide results ina OSc can be calculated as the sum over all non-carbon el-
slope of 0, the addition of a carboxylic acid results in a slopeements i of the oxidation associated with element i;(OS

Atmos. Chem. Phys., 12, 82843 2012 www.atmos-chem-phys.net/12/829/2012/
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Table 2. Overview of all MCMv3.1 predicted TMB degradation products with a molar yield%. The products are grouped according to
their number of carbon atomg:. The predicted 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 CHO 21 21

2 acetic nitric peroxyanhydride (PAN) AEi3NO5 65 130

3 methylglyoxal GH402 118 354

5 methylfurandione €H403 6 30
dimethylfuranone gHgO> 41
methyloxopentenal §HgOo 15
methyloxopentenoic acid dEigO3 6
acetylmethyloxiranecarbaldehyde 6803 12
oxopropanyl oxopropanoate 68504 51

6 hydroperoxyhydroxydimethyldihydrofuranone 681005 9 1134
methyloxopentenyloxiranecarbaldehyde 6Hz005 8
methyloxopentenoic nitric peroxyanhydride 6l/NOg 31

hydroperoxydimethyloxotetrahydrofuranyl nitrate  gHgNO; 9
nitric oxopropanoyloxypropanoic peroxyanhydride gHFNOg 7

hydroxytrimethyldioxabicyclooctenone 981204 10
9 hydroperoxytrimethyldioxabicyclooctenol 981405 12 324

hydroxytrimethyldioxabicyclooctenyl nitrate oBl13NOg 14
multiplied with the molar ratio of element i to carbon f; can be expected. Therefore all results will be calculated us-
Eq. 1). ing the simplified Eq. (2).
R ni
OSc=) 08" @ e

e 3 Results and discussion

In a closed systenDSc increases as oxidation progresses. 3.1 Comparison of high resolution PTR-TORgg, PTR-
The highest carbon oxidation state that can be reached is the TOF g0 and conventional PTR-MS results '

complete oxidation towards GQO: = 4).
. VOCs and organic aerosol in the atmosphere mainly con-rpe, improved analytical specificity of the high resolution
sist of carbon (C), hydrogen (H) and oxygen (O) atoms. AC-pTR_TOF as compared to a conventional quadrupole-based

cording to the definition of th®©Sc, H decreases thO@Sc  p1R_\s instrument is exemplified in Fig. 2. While the latter

by 1 and O increases t@Sc by 2 for oxygen-containing  yetects only one ion signal at/z113, the PTR-TOF detected
functional groups like alcohols,.carbonyls, carboxylic ac'ds'three isobars (gHBO;’r, CeHoOF, and GH130™; respec-
ethers and esters. Therefore, if the abundance of other eleu'vely m/z113.023,m/z113.060 andn/z113.096). Accurate
ments is negligible, Eg. (1) can often be simplified to: elemental composition information is essential to conduct the
- O H analyses presented herein.
O~ 26 - (2 Further analytical information (e.g. identification of frag-
ment ions) can be gained by operating the PTR-TOF at dif-
Peroxide groups that are expected to be formed during théerent drift voltage settings. Figure 3 depicts the time evo-
TMB photo-oxidation experiments, will introduce a devia- lution of selected ion signals as measured during experi-
tion from Eqg. (2) since their O atoms have an oxidation statement 1a (PTR-TOf§pg) and experiment 1b (PTR-TQ#p).
of —1. Nevertheless, Kroll et al. (2011) discussed that everPanel (a) demonstrates the agreement in the quantification
for peroxide-rich systems (e.g. isoprene ozonolysis), Eq. (2)of the TMB degradation with both instrument settings PTR-
yields anO<: that is within 0.1 of the exact value from TOF400 and PTR-TOFgg from the experiments 1b and 1a,
equation (1). As the nitrogen content is expected to be lowespectively. Panel (b) shows the time evolution of the
compared to the carbon content of the system (NAT07, primary degradation product methylglyoxal (measured on
MCMv3.1 prediction) only a low deviation due to nitrogen m/z73.029, plus fragment ah/z45.033). Panel (c) depicts

www.atmos-chem-phys.net/12/829/2012/ Atmos. Chem. Phys., 12, 8248-2012
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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.

lonic m/z neutral max. VMR PTR-TOF
formula precursor (ppbv) mode (V)
C3Hs0, 73.028 methylglyoxal 140 600 +400
45.033
CyH50, 61.028 potential artifact 85 400
43.017 acetic acid
hydroxy acetaldehyde
NO» 45.992 nitrate fragment 92 600
e.g. PAN 39 400
CoHs03 77.024 PAN fragment 5 600
59 400
CgHgO»  113.060 dimethylfuranone 24 600 +400
methyloxopentenal
CgHgO3 129.053 methyloxopentenoic acid 17 600 + 400
111.045 acetylmethyloxiranecarbaldehyde
CsHsO03  113.024 methylfurandione 13 600 +400
CoH;0  47.048 e.g. ethanol 12 600 + 400
65.062
C4H70, 87.045 possible fragment 12 600
6 400
CH30,  47.013 e.g. formic acid 9 600
CgH130  137.094 trimethylphenol 9 600 +400
CHs0O 33.034 e.g. methanol 8 600 + 400
51.047
CsHgO,  101.060 unidentified 7 600 + 400
the results for (c;l-|902r (according to MCMv3.1 dimethyl- During the experiments, 13 possible products with a molar

furanone and methyloxopentenal), measuredwzl13.060 yield >1% were detected. Table 3 displays the measured
plus its hydrate oom/z131.070. Panel (d) depicts the time ionic formulas, potential neutral precursors, and the observed
evolution of GH1;0% (M/z135.080) and panel () shows maximum volume mixing ratios (VMR). Methylglyoxal was
the time series of §H1301 (M/z137.096), which correspond detected with a maximum VMR of 140 ppbv. This is in fairly
to 3,5-dimethylbenzaldehyde and 2,4,6-trimethylphenol, re-good agreement with the expected formation of 118 ppbv of
spectively. PTR-TOF data measured in the two operatiormethylglyoxal derived from MCMv3.1 simulations.

?oqt?‘?tcor:&arg .\:.erly We(;l.it. demofnstratmg thte T'Qh rde;irt;)- PAN is difficult to quantify by PTR-MS. Major prod-
ucibility of the initial conditions of experiments l1a an uct ions are NQ' and GHsO?, with NO} being an un-

and |n_d|cat|ng that_quantlflcatlon of the_ given signals is nOtrspecific fragment from many nitro-group containing com-
complicated by ionic fragmentation or signal overlaps. Pane

. . o o pounds. Relative ND and GHsOj yields from PAN were
(f) shows the time evpluuon of the Bls03 ion which '.S ot determined in the current study. According to the PTR-
formed upon protonation of PAN and subsequent reaction o

) . OF400 data, the PAN mixi ti b trained be-
protonated PAN with water (Hansel and Wisthaler, 2000).tW e e4r(1)0 4 : p?)bv e(@-|50£1 Ic):(cl)r;?rirbault?oﬁagnli C,Sigf r?’afl)nzn d ©

+ - - . -
The GHsOj ion yield from PAN increases when lowering 98 ppbv (sum 0f@H5O§ and N@). The MCMv3 1 derived

the drift tube voltage. Differences in PTR-Tggand PTR- : .
TOFa400 data can be used for compound identification. formation of 65 ppbv of PAN falls between these boundaries.

The CzH5O§r signal, possibly formed from acetic acid or
hydroxyacetaldehyde, shows a rather linear increase during

Atmos. Chem. Phys., 12, 82843 2012 www.atmos-chem-phys.net/12/829/2012/
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3.2 High mass resolved product analysis by PTR-TOF

50

3 mE GRS PIREMS During the TMB degradation experiments about 200 peaks
O PTR-TOF identified C,H.O

; S C:H:O; were detected and identified_ €IhNoOp) i_n the gas-phase
Ll PTR-TOF identfied C,H 0" PTR-TOF mass spectrum. Figure 4a depicts the total amount
‘ sum m/z 113 PTR-TOF, of carbon of all TMB degradation products measured dur-

ing experiment 1la (PTR-TQBp condition). The measure-
ments are compared to the MCMv3.1 model output for which
chamber dilution was corrected and the products CO and
CO, were neglected. The time trend is very similar and mea-
sured carbon mixing ratios were only about 18 % below the
MCMv3.1 model output after 7 h. This discrepancy may be

30

ppbv

20

7 explained by the fact that neutral C-containing fragments are
ﬂj I ° formed upon protonation (e.g. from PAN-type compounds or
0+ e 9 & & : S N esters, see Supplement) in the PTR-TOF. Carbon-containing
0 ! 2 8 4 5 6 7 neutral fragments are not accounted for in a mass spectromet-

reactlontimeH ric analysis. In the model low volatility products which may

partition into the particle phase are simulated as gas phase
Fig. 2. Time evolution of highly mass resolved PTR-Tggdata  products and thus included in the carbon balance. However,
of threem/z113 isobars (§H503, CgHgOJ , and GH130™ de-  from the known aerosol yield of TMB this would only con-
tected atm/z113.023,m/z113.060 andn/z113.096, respectively)  tribute about 2 % to the carbon balance. Wall losses of com-
compared to unit mass resolution data from a HS PTR-MS inStrU-pounds may also decrease the measured amount of carbon
ment. The inset illustrates the raw spectrum after 7h of reactiony;; is expected to be small for compounds lower than C9
time betweerm_/zllZ.Q anc_im/zll3.2 (black squa_lr_es), the fits of_ rgMatsunaga and Zieman, 2010).
each detected ion (green line) and the superposition of the total io . .
signal (red line). _ Flgur_e 4b compares th(_a measured carbqn volume mix-

ing ratios of products with MCM calculations for one

high concentration experiment with TMB/N@& 1.9, two

the whole experiment reaching more than 80 ppbv at the endPW concentration experiments with TMB/NG= 0.6 and
of the experiment. Acetic acid is a common artifact in smog TMB/NOx ~ 2.5, and one low concentration experiment
chamber studies. A blank experiment in which the cham-With HONO addition. The PTR-TOF measures on average
ber was irradiated in the absence of any reagent produce@nly 15% less carbon than modeled (slope of linear regres-
C2Hs07 concentrations between 10 and 20 ppbv. MCMv3.1SI0N =0.85). All data lie W|t.h|n.th(_a boundary lines given by
chemistry expects only about 2 ppbv of acetic acid bemgslopes of 0.70 and 0.95. This finding suggests that PTR-TOF
formed for the conditions of experiments 1a and 1b. A Sig_detects most of the carbon of the photo-oxidation products
nificant fraction of the @HsO§ signal may thus be due to although it is difficult or impossible to individually identify
off-gassing from the chamber walls which was later also de-Nitrates, “peroxide-bicyclic” and “epoxy-oxy” compounds or
tected by ion chromatography measurements (Praplan et ai0ther functionalized species.
2012). Figure 5 depicts the time evolution 0bCC3, C4, Cs, Cs
MCMv3.1 chemistry expects the formation of dimethyl- and G TMB degradation products as measured by PTR-
furanone and methyloxopentenal. Only 24 ppbv of the cor-TOF (PTR-TORoo and PTR-TOkoo) and modeled using
responding GHsOJ ions were detected, which is less than MCMV3.1 chemistry (Metzger et al., 2008). Only small
half of the MCMv3.1 predictions. The second significagt C amounts of @, C7, and (g compounds were measured (max-
contribution, GHgO3 (MCMv3.1: methyloxopentenoic acid imum 11ppbC, 34 ppbC and 44 ppbC, respectively) which
and acetylmethyloxiranecarbaldehyde) was detected with ave thus not been included in the figure.
mixing ratio of 17 ppbv. The observed levels perfectly agree About 2-3 times more £ products are measured than
with the MCMv3.1 model output. modeled (panel (a)). 505 (acetic acid or hydroxyac-
The formation of QH7O§ and C5H90§r ions cannot be etaldehyde) was identified by PTR-TOF as the dominat-
explained by MCMv3.1 chemistry. These ions arise eithering compound. As discussed above, roughly 20-40 ppbC
from unknown reaction products or from fragmentation of of acetic acid can be attributed to wall off-gassing and the
higher-molecular weight products. MCMv3.1 model expects only low acetic acid concentra-
A more detailed analysis of mass spectra produced fottions from TMB degradation<5 ppbC). This implies that
both PTR-TORooand PTR-TORgo conditions indicates that  the GHsO; ion arises from hydroxyacetaldehyde or is an
no significant amounts of nitrates and peroxyanhydridegonic fragment. The MCMv3.1 gsignal is dominated by

(with the exception of PAN) were formed (see Supplement).Up to 130 ppbC of PAN. The contribution from PAN may be
significantly underestimated in the experimental data.
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Fig. 3. Time evolution of(a) TMB and (b)—f) selected TMB degradation products as measured during experiment 1a (PTggol @fd
experiment 1b (PTR-TOQfgg). The black line illustrates corresponding MCMv3.1 predictions.

The measured §xeaction products shown in panel (b) are  Panels (c) and (d) depict the temporal evolutions of the
dominated by methylglyoxal. Measured data are in goodmeasured and modeled; @nd G TMB degradation prod-
agreement with model expectations. About 60 ppbC of theucts. MCMv3.1 simulations predict only low 4€ and
higher G product signal can be explained by the difference Cs- product yields. By comparing PTR-T@fp and PTR-
of the measured and the expected methylglyoxal concentraFOFqg data, it is obvious that more 4(but less G com-
tion. pounds are measured in the PTR-Tggf-mode. This sug-

gests that different drift tube settings lead to different frag-
mentation pathways and supports the conclusion that some
of the measured £and G, compounds are fragments from

Atmos. Chem. Phys., 12, 82843 2012 www.atmos-chem-phys.net/12/829/2012/
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2000 —O— total carbon PTR-TOF, | The largest cont.ributors to measuregildompounds are from
CgH110™ (3,5-dimethylbenzaldehyde) andi€;30™ (2,4,6-
trimethylphenol) which are both not expected to fragment
upon protonation. However, these two species make up only
5—0—0—0-0 7 % of the first generation products according to MCMv3.1
(see Fig. 1). From the less stable ring-retaining “peroxide-
bicyclic” compounds, only a small fraction is expected not
to fragment upon protonation. These compounds may have
partially fragmented to the £and G ions discussed above.
Figure 6a compares the gas phase total oxygen-to-carbon
- 0—0—-0—0—0—0 ratios (0:Ga9 measured by PTR-TOF and simulated with
/D/D/D‘ the MCMv3.1. Similar to the total measured products de-
1 g picted in Fig. 4, good agreement between measurements and
0 - MCMv3.1 simulation was found for the first 4h of reac-
0 ! 2 3 4 5 6 7 8 tion. Figure 6b illustrates the time evolution of the individual
reaction time [h] highly mass resolved PTR-TOF signals with different O:C
ratios that contribute to the measured total O:C ratio. The
E:E: ; O:Cgyasratios for experiments 1a, 2, 3, and 4 are depicted in
Exp. 3 Fig. 7a. Differences in the temporal evolution of the gxC
- ZZ::W ratios are clearly discernible. Experiment 1a and experiment
....... dlope = 095 2 started with similar TMB/N® ratios but different initial
—slope =085 concentrations (see Table 1). Qigdevelops similarly over
time reaching maximum levels of about 0.30 after 7 h of re-
action. O:(Gas measured during experiment 3 (high initial
NOx) shows a similar initial behavior compared to experi-
ment 1la up to 3 h of reaction but then continues to rise. In
‘ ‘ ‘ ‘ experiment 4a (HONO addition), oxidation starts immedi-
0 500 1000 1500 2000 . . .
MCM [ppbC] ately with O:Gyas reaching a maximum of 0.45 after 7 h of
reaction. Figure 7b again shows that the measureg£r&-
tios are very close to the modeled ones. A linear regression
Fig. 4. (a) Time evolution of the total carbon concentration mea- of all data yields a slope of 0.94. The upper and lower bounds
sured in all TMB degradation products (major contribution from paye slopes of 1.05 and 0.75, respectively. In the PTR-TOF
methylglyoxal shown indiyidually) gnd the availgble amount of car- protonation may lead to loss of oxygen (e.g. vigdHoss fol-
bon from TMB degradation.(b) Linear regression plot of_ mea- lowing protonation of an —OH group or HNGoss following
sured versus MCMv3.1 modeled total carbon formed during TMB .
oxidation. protonation of an—-ONO; group). The good agreement of
PTR-TOF measured O:C ratios with the MCMv3.1 calcula-
tions suggests that this effect is obviously small or counter-
balanced by the loss of carbon.
molecules with higher carbon numbers. It is interesting to
note that the sum of £and G, compounds is in fairly good 3.3 SOA analysis
agreement for the PTR-TQ#fp and PTR-TORgp modes. @
and G compounds measured by PTR-TOF in both operationintegrating the aerosol signal over the whole desorption ex-
modes compare very well, as shown in panels (e) and (f), reperiment between 4.5 and 6 h of reaction time results in a
spectively. MCMv3.1 calculations predict significantly more total SOA concentration of 14.8 ugTh  With a scanning
Cs and G compounds than observed. The measured firstmobility particle sizer 23.01 pgnt of SOA (aerosol den-
generation ring-opening productssiO; (dimethylfura-  sity=1.4g cm3, Alfarra et al., 2006) were measured during
none, methyloxopentenal) are lower than model predictionsthe same period. This results in an aerosol fraction of 64.3 %
The biggest MCMv3.1 contribution ongGarises from oxo-  that was detected by PTR-TOF.
propanyl oxopropanoate {ElgsO,), a product of dimethylfu- The measured atomic Ogga ratios of the collected and
ranone, with an expected maximum level of 306 ppbC. Thisthermally desorbed SOA were between 0.57 and 0.51 (Ta-
ester is expected to fragment upon protonation (see Supble 4). This is somewhat higher than the atomic O:C ra-
plement). Between 5-10 ppbC of the protonated compoundios measured by HR TOF-AMS (O:C =0.45; Jimenez et al.,
(C6Hng{) were detected for both the PTR-Tgdg and the  2009). O:Goa slightly decreases towards higher desorption
PTR-TORqg condition. The measurements also show only temperatures. The degree of oxidation is more than double
minor contributions from nitrogen containing compounds. the one observed for the total gas phase dgQncluding
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Fig. 5. Time evolution of G, Cz, C4, Cs, Cg, and G TMB degradation products as measured by PTR-dggfand PTR-TORggg and
predicted by the MCMv3.1

TMB) at the same reaction time of experiment 1b, but a bit SOA distribution shows a higher average carbon number per
lower than O:C observed for the gas phase products onlynolecule and a higher oxygen amount in the SOA. For the
(0:C=0.69, excluding TMB). It is likely that O:§pa is un-  three temperature desorption steps, the biggest differences in
derestimated due to fragmentation as discussed for the gabke carbon number are visible for thg €ompounds. Rel-
phase results. Itis also possible that from some spegi€s H ative G intensities rise towards higher temperatures. While
and CQ is split off at the highest temperature which would O:Csoa slightly decreases towards higher desorption temper-
lead to a further underestimation of the O:C ratio. atures, the oxygen number distribution gets shifted towards

Figure 8 depicts the relative distribution of carbon in the NGher oxygen numbers. This suggests that the more volatile
gas phase and in SOA according to the carbon atom numeFaCtion is composed of shorter and more oxidized molecules
nc (a) and according to the oxygen atom number(b). A while the low volatility fraction contains longer chained but
comparison of the gas phase product (excluding TMB) andSOMewhat lower oxidation state molecules.
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Fig. 6. (a) Measured total O:C ratios (PTR-T@§p and PTR- Fig. 7. (a) Time evolution of total O:gasratios measured with the

TOR400; data from experiments 1a and 1b, respectively) (:ompareoP_TR'ToF600 during experiments 1a, 2, 3 and# Linear regres-
with the MCMv3.1 model output(b) Time evolution of individual sion plot of O:C ratio measurements versus MCMv3.1 simulations.

highly mass resolved PTR-TOF signals with different O:C ratios as
observed during experiment 1a.
O:C ratio increases during the photo-oxidation process while
the H:C ratio stays about constant. A maximum H:C ratio of
Table 4. Overview of total O:C ratios measured in the particle phase1_49 was measured for the particulate phase aC7éesorp-
(O:Cson), in the total gas phase (including TMB; Qj&9 and for  tion temperature. The gas-phase oxidation is characterized
the_gas phas_e products (excluding TMB, O:C) after 4 h of reactlonby a slope 0f~0 in the Van Krevelen diagram as opposed to
during experiment 1b. the slope of-1 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

desorption temperatur€Q) 75 100 125

0O:Csoa 057 054 0.1 of the particle measurements in the Van Krevelen diagram is
O:Cgas(total gas phase) 0.26 in agreement to the findings of Heald et al. (2010).
O:C (gas phase products) 0.67

3.5 Carbon oxidation state

Figure 10 visualizes th®S: — nc positions of all detected
3.4 Van Krevelen diagram m/zratios measured in the gas phase andrdi measured

from the SOA analysis. With a few exceptions all of the gas
Figure 9 illustrates the Van Krevelen diagram which includesphase species are located to the right of TMB and towards
data from four gas phase measurements (experiments 1a, Righer OSc (upper right area). In the particle phase also
3, 4) and from one SOA experiments (experiment 1b). Dataspecies with highen; than TMB were observed filling the
from all experiments cover a narrow range in the Van Kreve-space towards the upper left. Figure 10 also depicts the evo-
len diagram. Starting with an O:C ratio of 0 and an H:C ratio lution of the averag®©S: of experiments 1a, 2, 3, 4 within
of 1.33 (with TMB having the molecular formulag@2), the the first seven hours of photo-oxidation in B&:-nc space.
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Fig. 9. Van Krevelen diagram including data from experiments 1a,
2, 3 and 4 (gas phase) and experiment 1b (SOA).

Comparison of experiment 1a with the SOA samples taken
after 4 h of reaction time shows a hig@_S(S:OA at all tem-
perature steps(TS(s:OAfv —0.34 to —0.31) than for the gas

phase specieﬁséh: —0.87,7¢"=5.5). The most volatile
SOA evaporated at 7& shows the lowestc = 4.7, whereas
at 100°C and 125C anc of between 5.5 and 5.9 is mea-
sured. According to Kroll et al. (2011), the position of the
100°C and the 125C samples in th®©Sc vs. nc space are
in the range, where fresh SOA is expect@b¢ = —0.5-0;
data measured by AMS, Paulot et al., 2009).

In Fig. 10 it is also visible that species with more than

Fig. 8. Relative distribution of total carbon in thermally desorbed 9 carbons were detected in the particle phase indicating

SOA (75°C, 100°C, 125°C) and in the gas phase (products only

oligomerization reactions.

and total gas phase including TMB) according to the carbon atom

number(a) and according to the oxygen atom num{@r SOA and

gas phase samples were taken between 4.5 and 6 h of reaction time  Summary and conclusion

(experiment 1b).

Starting atOSc-nc of TMB the oxidation trajectories move
towards highelOS: values due to functionalization and to-
wards lowernc due to fragmentation. The fragmentation

In the present study, we evaluate the performance of a high
resolution PTR-TOF for environmental chamber measure-
ments. The measured amount of carbon was o¥il %
lower than the amount of carbon available from the TMB
degradation. Time series ofsCCs and G products com-

pathway is dominant in the beginning and a stronger increas@ared well for the PTR-TQ4go and PTR-TORqo operation

of O occurs later. This may be specific to aromatic com-

modes but showed significant differences to MCMv3.1 pre-

pounds as compared to long chain hydrocarbons or terpenegictions. The observation of £and G products was at-

Experiment 1a and 2 (similar VOC_/Ngatios) show a
similar O after 7h of experimenth£ ~ —0.7), but

tributed to ionic fragmentation processes. The measured total
O:C ratio in the gas phase was slightly lower than MCMv3.1

experiment 2 shows a higher degree of fragmentation. Aspredictions (0.75 to 1.05). PTR-TOF measurements also al-
seen in Fig. 7, experiment 2 also has a higher O:C ratiojowed a direct determination of the average carbon oxida-

The high NQ experlment 3 shows the highe®S: value
after 7 h of reacnon(()ﬁ =—-0.39) with annc of 3.4. Ex-

tion stateOS: as a function of the average carbon number
nc. Photo-oxidation of TMB is characterized by strong ini-

periment 4 shows a quite similar initial behavior comparedtial fragmentation followed by an increase ®S: during

to exgerlment 2, but ends at a high®&: value of about
O@ =—0.5. In addition, the fragmentation is further de-
veloped to an average: of 3.3.

Atmos. Chem. Phys., 12, 82843 2012

the later phase of the photo-oxidation experiments. Com-
pared to gas samples at the same time of reaction, SOA sam-
pled by filters and measured after thermal desorption was
characterized by a larger average carbon skeleton and higher
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