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Abstract. Secondary organic aerosol (SOA) was produced
from the aromatic precursors catechol and guaiacol by re-
action with ozone in the presence and absence of simulated
sunlight and humidity and investigated for its properties as a
proxy for HUmic-LIke Substances (HULIS). Beside a small
particle size, a relatively low molecular weight and typical
optical features in the UV/VIS spectral range, HULIS con-
tain a typical aromatic and/or olefinic chemical structure and
highly oxidized functional groups within a high chemical di-
versity. Various methods were used to characterize the sec-
ondary organic aerosols obtained: Fourier transform infrared
spectroscopy (FTIR) demonstrated the formation of several
carbonyl containing functional groups as well as structural
and functional differences between aerosols formed at dif-
ferent environmental conditions. UV/VIS spectroscopy of
filter samples showed that the particulate matter absorbs far
into the visible range up to more than 500 nm. Ultrahigh
resolved mass spectroscopy (ICR-FT/MS) determined O/C-
ratios between 0.3 and 1 and observedm/zratios between 200
and 450 to be most abundant. Temperature-programmed-
pyrolysis mass spectroscopy (TPP-MS) identified carboxylic
acids and lactones/esters as major functional groups. Particle
sizing using a condensation-nucleus-counter and differential-
mobility-particle-sizer (CNC/DMPS) monitored the forma-
tion of small particles during the SOA formation process.

Correspondence to:H. Grothe
(grothe@tuwien.ac.at)

Particle imaging, using field-emission-gun scanning electron
microscopy (FEG-SEM), showed spherical particles, form-
ing clusters and chains. We conclude that catechol and gua-
iacol are appropriate precursors for studies of the processing
of aromatic SOA with atmospheric HULIS properties on the
laboratory scale.

1 Introduction

Atmospheric aerosol particles strongly influence the global
atmosphere, and their contribution to climate change is ver-
satile (Forster et al., 2007). Especially SOA play a ma-
jor role in the impact of atmospheric chemistry on cli-
mate. Mass fluxes of 30–270 Tg yr−1 have been estimated
to be emitted per year by tropospheric oxidation of biogenic
and anthropogenic volatile organic compounds (Andreae and
Crutzen, 1997). Contributions to the fine aerosol of or-
ganic materials between 20–50% at mid-latitudes and up to
90% in tropical forested areas are reported and reviewed by
Kanakidou et al. (2005). According to aromatic SOA pre-
cursors they report anthropogenic emissions of 6.7 Tg yr−1

toluene, 4.5 Tg yr−1 xylene, 0.8 Tg yr−1 trimethylbenzene,
and 3.8 Tg yr−1 of other aromatic compounds. Hallquist et
al. (2009) report total biogenic SOA fluxes of 12–70 Tg yr−1

from bottom-up estimates. Fluxes of 17 TgC yr−1 for
SOA from biomass burning and 10 TgC yr−1 for SOA from
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anthropogenic sources are reported by them based on a top-
down approach.

While the formation of SOA from different terpenes
(e.g. Jonsson et al., 2007; Jonsson et al., 2008; Iinuma et al.,
2004) has been studied in detail and summarized in recent
reviews (Yu et al., 2008; Kroll and Seinfeld, 2008), there is
still a lack of knowledge of SOA formation from aromatic
precursors (Johnson et al., 2005). The atmospheric oxida-
tion of benzene has been studied in detail (e.g. Lay et al.,
1996). Forstner et al. (1997) studied the formation of SOA
from toluene- and xylene-type precursors, discussing ring-
opening mechanisms based on reactions with hydroxyl radi-
cals. Studies on formation and processing of those precur-
sors according to SOA formation at NOx conditions have
been performed by Ng et al. (2007) and Jang and Kamens
(2001). Fisseha et al. (2004) used 1,3,5-trimethylbenzene as
precursor and determined a contribution of 20–45% of or-
ganic acids to the overall aerosol mass. Formation of air-
borne polymers from photooxidation of aromatic precursors
by reaction of carbonyls and their hydrates is reported by
Kalberer et al. (2004). Sun et al. (2010) report dimer forma-
tion in aqueous-phase reactions of different phenols, includ-
ing guaiacol. Physico-chemical properties of those aerosols
according to optical properties and functional groups are
hardly reported.

The state-of-the-art model of atmospheric HULIS, since
20 years in use, is based on selected macromolecular struc-
tures with an aromatic or olefinic core (Mukai and Ambe,
1986). The large aromatic content of HULIS may origin
from oxidative and non-oxidative particle-phase reactions of
different precursors including aromatics (Kroll and Seinfeld,
2008). Gelencśer et al. (2003) report formation of light-
absorbing organic matter from aromatic hydroxy-acids with
hydroxyl radicals and suggest those products as HULIS. Hof-
fer et al. (2004) characterized the Fenton-reaction products
of 3,5-dihydroxybenzoic acid with OH radicals as synthetic
HULIS. Humic substances, especially commercial humic
and fulvic acids (e.g. Suwannee River fulvic acid (SRFA))
seem to differ significantly from atmospheric HULIS, as re-
ported by a detailed and critical review about the humic-like
character of atmospheric HULIS (Graber and Rudich, 2006).
Further, their preparation as aerosols in an aerosol smog-
chamber is rather difficult. Thus, precursors are needed as
in-situ model substances to generate SOA with HULIS qual-
ities (Cowen and Al-Abadleh, 2009).

An appropriate candidate for SOA with HULIS-properties
is catechol, which is also reported as a strong emission from
open biomass burning (Hays et al., 2005) and fireplace com-
bustion (Fine et al., 2002) leading to so-called biomass-
burning organic aerosols (BBOA). Catechol is also known
as pyrocatechol, 1,2-dihydroxybenzene or benzene-1,2-diol.
It is the ortho isomer of the three isomeric benzenediols
(Fig. 1). Catechol is also used as a model compound for
soils (Huber et al., 2010). Fahimi et al. (2003) used dif-
ferent derivatives of benzene, including catechol to study
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Fig. 1. The used SOA precursors: a – catechol (Benzene-1,2-diol), b – guaiacol (2-
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Fig. 1. The used SOA precursors:(a) catechol (Benzene-1,2-diol),
(b) guaiacol (2-methoxyphenol)

the formation of chloroacetic acids. The transformation of
catechol to humic polymers with the context of humus for-
mation was studied by Ahn et al. (2006). Aerosol forma-
tion from catechol has been studied very recently (Coeur-
Tourneur et al., 2009), obtaining large mass yields ranging
from 17 to 86 wt.% in a smog-chamber in the presence of
ozone with only minor influence of self-produced OH, which
is known from scavenger experiments to enhance the con-
sumption of catechol by 30% (Tomas et al., 2003). The rate
constant for the reaction of catechol with O3 has been de-
termined to be 9.6×10−18 cm3 s−1 at 298 K, and the vici-
nal OH groups have been suggested as a potential cause of
the high reactivity of catechol towards ozone (Tomas et al.,
2003). The gas-phase reaction of dihydroxybenzenes with
OH radicals has been studied in detail (Olariu et al., 2000).
Furthermore, infrared spectroscopy of the oxidation of cat-
echol has been performed in aqueous phase (Khovratovich
et al., 1998). Aerosol flow reactor studies demonstrate ring-
opening processes and formation of carboxylic acids located
at aromatic or olefinic sites (Ofner et al., 2010). Nieto-
Gligorovski et al. (2008, 2010) studied oxidation reactions
of 4-carboxybenzophenone/catechol films using UV/VIS and
FTIR spectroscopy. They report a photosensitized oxida-
tion of the phenolic precursor by ozone in the presence of
simulated sunlight to form products with properties similar
to HULIS. Heterogeneous reactions of catechol aerosol with
nitrogenous trace gases has been studied recently (Bröke et
al., 2003). Also the methyl-ether modification of catechol,
guaiacol, could be used to study aerosol formation. Guaia-
col is also known as o-methoxyphenol, 2-methoxyphenol or
methylcatechol (Fig. 1).

SOA from catechol and guaiacol has been chosen as a
model system and has been analysed in time dependence un-
der defined photochemical conditions in an aerosol smog-
chamber. Different relative humidities have been simulated
playing an important role in aerosol formation and/or pro-
cessing (Vesna et al., 2009). A variety of methods is avail-
able to study atmospheric surfaces and their interaction with
trace gases (Zellner et al., 2009). These methods show that
surface functional groups play an important role for hetero-
geneous aerosol chemistry (Lary et al., 1999). For study-
ing the formation and processing of those functional groups
FTIR spectroscopy is most suitable (Najera et al., 2009).
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Time resolved FTIR spectroscopy of the formation of organic
aerosol particles was applied by Sax et al. (2005). Coury
and Dillner (2008) used ATR-FTIR spectroscopy to quan-
tify organic functional groups in ambient aerosols. Further-
more, light-absorption of organic materials plays an impor-
tant role for the radiative forcing (Shapiro et al., 2009). To
complete and confirm spectroscopic results ultrahigh reso-
lution mass spectroscopy (ICR-FT/MS, Schmitt-Kopplin et
al., 2010) and imaging by electron microscopy are used in
the present study.

2 Methods

SOA, especially SOA with HULIS-properties, is a rather
complex mixture of different organic macromolecules with
various oxygenated functional groups. A single-molecule
analysis has turned out to be rather useless. Therefore, in
the focus of our analytic strategy are techniques which deter-
mine the functional groups, the O:C ratio, and the particle’s
morphology. Changes during the photo-oxidation shall be
revealed and a well-characterized model substance will be
defined.

2.1 Aerosol smog-chamber

All secondary organic aerosols were produced in a cylindri-
cal 700 L aerosol smog-chamber made of Duran glass. Fluo-
rinated ethylene propylene film (FEP) covers both ends of the
cylinder and serves as window for a solar simulator, equipped
with a medium-pressure metal vapour lamp (Osram HMI,
4000 W). A water cooled glass plate cuts off the UV-C range
of the lamp spectrum. The one centimetre thick water film re-
duces the entry of infrared radiation from the HMI lamp into
the smog-chamber. The principal setup of the aerosol smog-
chamber has been described previously (Nolting et al., 1988).
The current setup of the smog-chamber varies from the de-
scribed one by increasing the volume by an additional 60-cm
section to 700 L and thus changing the surface to volume ra-
tio down to 8.7 m−1. Further, the solar simulator is placed
below the smog-chamber. Residence times of 105± 15 min
were measured for particles with diameters of 50± 5 nm at
simulated sunlight and 5–10 Pa overpressure.

The smog-chamber is flushed with particle-free air pro-
duced using a zero air generator (CMC ZA 50K). The
ozone concentration at the beginning of the experiments was
measured using a chemiluminescence ozone analyser (UPK
8002). The relative humidity was regulated at the beginning
of the smog-chamber experiments by vaporizing a calculated
amount of water. The Magnus equation (Sonntag, 1990) was
used to calculate the saturated vapour pressure. The satura-
tion gave access to the absolute amount of water, which was
achieved based on a given relative humidity. The relative hu-
midity was monitored using a Steinecker hydrometer (Type
49076D). The upper level of relative humidity available was

limited by the interference of water absorption in the long-
path infrared absorption spectra.

The required amount of precursor was calculated with re-
spect to the chamber volume, the pressure, and the temper-
ature. Subsequently, the solid (catechol) or the liquid (gua-
iacol) precursor was filled into an impinger and then contin-
uously vaporized and flushed into the chamber volume us-
ing the particle-free zero air. The chamber was permanently
monitored using the CNC (described below in Sect. 2.2) to
avoid particle formation during this filling procedure by su-
persaturation of the low-volatile precursors.

2.2 Aerosol size distribution

Aerosol particle concentrations were recorded using a CNC
(TSI 3020). An electrostatic classifier (TSI 3071) with a neu-
tralizer (85Kr), coupled to the CNC, was used to determine
the aerosol size distribution.

2.3 Electron microscopy

Images of the formed aerosol particles were taken using a
FEI Quanta 200 FEG-SEM. Particles were collected using
IsoporeTM membrane filters (Millipore) made of polycar-
bonate with a pore size of about 50 nm. The aerosol par-
ticles were protected against electric charging by sputtering
3–4 nm of Au/Pd onto their surface. The FEG-SEM was op-
erating at 6×10−6 mbar using a cathode voltage of 5vkV to
avoid high penetration depth and just image the surface.

2.4 Long-path FTIR spectroscopy

For long-path absorption, the chamber is equipped with a
40 m White-cell coupled to a FTIR spectrometer (Bruker
IFS 113v). The instrument is evacuated down to 60 mbar
to diminish disturbance of the spectra by atmospheric com-
pounds. Long-path FTIR spectra were recorded at a spec-
tral resolution of 2 cm−1 from 4000 to 580 cm−1 using a
MCT detector and accumulating 256 single interferograms
each. Post processing and atmospheric compensation of the
infrared spectra was performed using the Bruker Opus soft-
ware package (version 5.0).

2.5 Attenuated Total Reflectance (ATR) infrared
spectroscopy

The aerosol particles were deposited onto the KRS-5 ATR
crystal (52×20×2 mm, trapezoidal) for ATR-FTIR spec-
troscopy between 4000 and 400 cm−1 using a self developed
electrostatic precipitator (ESP). For sampling of aerosol par-
ticles onto a KRS-5 crystal, which was not possible with the
former prototype described by Ofner et al. (2009), a two-
stage precipitator was developed and is illustrated in Fig. 2.
The precipitator is based on the concepts of Fierz et al. (2007)
and Mainelis et al. (2002). This ESP has separate charging
and deposition zones. The ESP is operated at high voltages

www.atmos-chem-phys.net/11/1/2011/ Atmos. Chem. Phys., 11, 1–15, 2011
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Fig. 2. Two-stage electrostatic precipitator for deposition of aerosol particles onto ATR 

crystals: a – aerosol inlet; b – vacuum pump (operated at a flow rate between 0.3-3 dm3 min-

1); c – ATR crystal; d – charging and deposition zone; e – copper electrode; f – high voltage 

supply; g – ground connection; A – electrometer for control of electric current flowing off the 

ATR crystal. 
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Fig. 2. Two-stage electrostatic precipitator for deposition of aerosol
particles onto ATR crystals:(a) aerosol inlet;(b) vacuum pump
(operated at a flow rate between 0.3–3 dm3 min−1); (c) ATR crys-
tal; (d) charging and deposition zone;(e) copper electrode;(f) high
voltage supply;(g) ground connection; A – electrometer for control
of electric current flowing off the ATR crystal.

of about 10.5 kV. After entering the ESP the aerosol parti-
cles are charged by a corona effect and accelerated towards
a bevelled deflector at 3.5 kV. The high voltage between the
deflector and the ground plate of 7 kV turns the aerosol flight
path towards the ATR crystal. Using an electrometer between
the copper plate and the ground connection allows us to ob-
serve the electric current flowing off the ATR crystal (Fig. 2).
For the ESP construction, the electric field between the nee-
dle, the deflector, and the ATR crystal was calculated using
the software Student’s QuickField 5.5 (Tera Analyses Ltd.).

The ATR spectra were recorded using a Bruker IFS 48
FTIR instrument with a Specac 25 reflection ATR optics. The
spectral resolution of the infrared spectrometer was adjusted
to 4 cm−1, and 512 interferograms with an optical range from
4000 to 400 cm−1 were accumulated each for background
and sample measurement. Post processing of the ATR spec-
tra was performed by using the Bruker Opus software pack-
age.

2.6 UV/VIS spectroscopy

UV/VIS diffuse reflection spectra were recorded by a spec-
trophotometer (Uvikon XL, BIO-TEK Instruments) using an
integrating Ulbricht sphere (Labsphere) between 200 and
800 nm at a speed of 200 nm per minute at a bandwidth of
4 nm. Aerosol samples were collected onto Whatman QMA
quartz fibre filters. As reference material for the integrat-
ing sphere Labsphere Spectralon Diffuse Reflectance Stan-
dards were used (SRS-99-010). No significant absorption of
UV/VIS radiation was observed comparing clean quartz fibre
filters to the Labsphere standards.

2.7 TPP mass spectroscopy

This experiment has originally been developed at the Vienna
University of Technology in order to analyse the oxidation
processes of soot particles from diesel engines (Muckenhu-
ber and Grothe, 2006; Ofner and Grothe, 2007). Soot is
a multi-component system, which is extremely difficult to

analyse. Therefore, the focus has been set on the controlled
fragmentation of the functional groups, which in fact are the
key species when discussing reactivity. The same idea has
been translated to the analyses of HULIS particles and their
related oxidation processes. Aerosol particles were sampled
onto quartz fibre filters mentioned above. In TPP-MS exper-
iments the coated quartz fibre filters were placed in a quartz
glass flask, which was evacuated down to 10−5 bar. Then the
sample was heated at high vacuum from room temperature
up to 900◦C with a heating rate of 10 K min−1. Through a
leak valve a small portion of the pyrolysis gases was induced
into the UHV of the mass spectrometer (Balzers Prisma 200
QMS). Several mass fragments were recorded as a func-
tion of the pyrolysis temperature. To identify decomposing
functional groups the mass signals of OH (m/z = 17), CO
(m/z= 28) and CO2 (m/z= 44) were exploited. Peaks were
allocated to the decomposing functional groups (Muckenhu-
ber and Grothe, 2006).

2.8 Ultrahigh resolution mass spectroscopy

Ultrahigh resolution mass spectroscopy was performed at the
Helmholtz Centrum Munich, Germany with the Bruker 12
Tesla APEX Q Ion Cyclotron Resonance Fourier Transform
Mass Spectrometer (Bremen, Germany). Electrospray in-
jection was followed in negative mode with an APOLLO II
electrospray source in flow injection at 2 µl/min (Gaspar et
al., 2009, and Schmitt-Kopplin et al., 2010). The molecular
formulae were batch-calculated by a software tool, written
in-house and achieving a maximum mass error of≤0.2 ppm.
The generated formulae were validated by setting sensible
chemical constraints (N rule, O/C ratio≤1, H/C ratio≤2n +
2, element counts: C≤80, H unlimited, O≤60) in conjunc-
tion with an automated theoretical isotope pattern compar-
ison (Gaspar et al., 2009). Even enabling up to 3 N and
3 S resulted in mainly CHO types of elementary formulae
(only few formulae corresponding to impurities were found
as CHNO, CHOS and CHNOS, which are caused from the
quartz filters.).

The filters were pushed by the cap into Eppendorf 2-
ml vials, extracted directly with 1 ml of methanol and cen-
trifuged in the same Eppendorf vials to be ready for injec-
tion.

3 Experimental

The precursors for the SOA were catechol (Riedel-de Haën,
32101, pro analysis grade,>99% HPLC) and guaiacol
(Sigma Aldrich, G5502, pro analysis grade,>99% GC)
(Fig. 1). Catechol has a molecular weight of 110.11 g mol−1,
guaiacol of 124.14 g mol−1. Ozone was produced from pure
oxygen (Riessner-Gase,>99,995%) using a silent discharge
ozonizer (Sorbios, GSG 0012). For each precursor three ex-
periments were carried out: (1) formation of SOA in the dark

Atmos. Chem. Phys., 11, 1–15, 2011 www.atmos-chem-phys.net/11/1/2011/
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Fig. 3. Evolution of the particle mass concentration (COA) over
time: The catechol precursor causes higher aerosol mass yields than
the guaiacol precursor. Particle formation is strongly influenced by
environmental conditions like simulated sunlight and relative hu-
midity.

with O3 only (0% relative humidity), (2) formation of SOA
at simulated sunlight with O3 only (0% relative humidity)
and (3) formation of SOA at simulated sunlight with O3 and
25% relative humidity. No particle formation could be ob-
served from the reaction of guaiacol with O3 in the dark –
hence no data is presented. For aerosol size distribution ex-
periments, 100 ppb of the precursor and 500 ppb of ozone
were used to study the formation of the SOA. FTIR experi-
ments had to be performed at higher concentrations (5 ppm
precursor substance and 20 ppm ozone) because of the de-
tection limit of the long-path-FTIR spectrometer. ATR sam-
ples were collected onto the KRS-5 crystal two hours after
SOA formation with duration of 30 min at an aerosol flow
of 6.5 cm3 s−1. About 108 aerosol particles were collected
for each ATR measurements from medium particle concen-
trations of 105 particles cm−3 at a collection efficiency of
about 90%. For UV/VIS spectroscopy, FEG-SEM imaging,
TPP-MS, and ultrahigh resolution mass spectroscopy aerosol
particles formed at higher precursor concentrations (5 ppm)
were sampled onto the specified filter materials.

4 Results and discussion

4.1 Formation of SOA – aerosol size distribution and
particle imaging

The mass concentrations and size distributions of the formed
SOA strongly depend on the environmental conditions in
the aerosol smog-chamber, as shown in Figs. 3 and 4. The
aerosol mass distributions were derived from volume dis-
tributions with an assumed density of 1.4 g cm−3 (Coeur-
Tourneur et al., 2009). Aerosol formation yields are influ-
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Fig. 4. Change of aerosol size distribution as a function of time:
The formed particles reach final mean diameters of 65 nm (dark)
and 70 nm (light and wet) after 2 h.

enced by the presence of simulated sunlight and relative hu-
midity. The precursors play a decisive role in this forma-
tion process. The catechol precursor is found to generate
one order of magnitude more aerosol mass than the guaia-
col precursor at simulated sunlight conditions. At a relative
humidity of 25% these yields are observed to increase signif-
icantly compared to the yields at dry conditions or without
simulated sunlight. Particle size distributions show similar
medium particle diameters for all experiments of 50± 5 nm.
The half-width of the particle size distribution from SOA
produced in the dark (σg = 1.26) is lower than that compared
to the experiments of simulated sunlight (σg = 1.34). The
medium particle diameter of SOA formed from guaiacol at
simulated sunlight and dry conditions is very low (32 nm).

Thus, UV/VIS radiation has an influence on particle for-
mation, not only concerning the overall aerosol mass, but
also concerning the particle size distribution as shown in
Fig. 4. Particle formation seems to be fairly complete af-
ter about 30 min. Subsequently, only aggregation of small
particles takes place, as demonstrated by the slow change of
the aerosol diameters and the FEG-SEM image in Fig. 5.

For scanning electron microscopy (Fig. 5) higher precur-
sor concentrations were selected to produce sufficient SOA
particle density. Therefore, aerosol particles are slightly
larger than the mean value observed in the aerosol size distri-
butions (Figs. 3 and 4). The particles with diameters between
100 and 250 nm are of nearly perfect spherical morphology,
indicating their airborne formation by gas-to-particle conver-
sion (P̈oschl et al., 2010). No structured surface texture is
visible. Chain- and cluster-like aggregates of those particles
have also been observed.

www.atmos-chem-phys.net/11/1/2011/ Atmos. Chem. Phys., 11, 1–15, 2011
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nearly perfect spherical particles with no visible surface texture form chain- and cluster-like 

aggregates. The spherical particles range in diameter from about 80 to 300 nm caused by an 

increased precursor concentration.  
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Fig. 5. FEG-SEM image of secondary organic aerosol particles
on a polycarbonate filter: nearly perfect spherical particles with
no visible surface texture form chain- and cluster-like aggregates.
The spherical particles range in diameter from about 80 to 300 nm
caused by an increased precursor concentration.

4.2 Formation of SOA – long-path FTIR spectroscopy

During the aerosol formation process, the change of chem-
ical bonds inside the aerosol particles has been studied by
long-path FTIR spectroscopy using a 40 m White cell in the
aerosol smog-chamber. Every 10 min 256 single scans were
sampled. The medium residence timeτ of catechol in the
smog-chamber was calculated to 10 min by observing the de-
crease of the aromatic stretch vibration at 1510 cm−1. Hence,
during the first 10 min the precursor decays rapidly and prod-
ucts increase with approximately the same rate. After 30 min
no further changes in the infrared spectrum are detectable.
Thus, the SOA formation process of particles from catechol
or guaiacol as precursors is completed after less than 30 min
(Fig. 6). The chemical transformation of the precursor at
the very beginning of the oxidation process (first 10 s) has
been observed and discussed by Ofner et al. (2010). The for-
mation of two main absorptions at 1690 and 1755 cm−1 in
the carbonyl stretching region is reported. Where the band
at 1690 cm−1 is occurring first and allocated to arylic car-
bonyls and the band at 1755 cm−1 is following, indicating
ring-opened olefinic carbonyls. The long-path FTIR spectra
from the aerosol smog-chamber indicate that the full-grown
particles do not undergo any further oxidation. This can
be well inspected by the carbonyl stretching vibration (see
Fig. 6), which remains constant in shape and intensity. We
conclude that the highly-polar, fully oxidized, gas-phase in-
termediates observed in the IR spectra are presumably the
precursors of the SOA nucleation process.

According to the composition of the gas phase (N2, O2,
CO2 and O3) and the chemical structure of the precursors,
only vibrational modes containing carbon, oxygen, and hy-
drogen are expected. By the overlap of gaseous and solid
products and gaseous educts, as well as other reactive or in-
ert gas-phase species, a quantitative analysis of these data is
hampered.

At the beginning of the SOA formation the spectra of the
organic gas or particle phase can be assigned to the cate-
chol molecule (Socrates, 1980). The aromatic ring exhibits
typical aromaticν(C=C) stretching vibrations at 1620, 1510
and 1480 cm−1. The sharp absorption at 3063 cm−1 matches
theν(C–H) stretching vibration, the two absorptions at 3671
and 3608 are the respectiveν(O–H). Phenolic alcohols cor-
respond to the vibrations at 1364 and 1325 cm−1, where the
phenolicν(C–O) stretching vibration can be found. The ab-
sorptions in the range 1272 to 1155 cm−1 and the band at
1090 cm−1 represent either the aromatic in-plane deforma-
tion δ(C–H) or the phenolic deformation modeδ(O–H). The
aromatic out-of-plane deformations are the absorptions be-
tween 860 and 740 cm−1. The ozone concentration is repre-
sented by the absorption at 1043 cm−1.

During the aerosol formation process most of those ab-
sorptions decrease and the formation of some new bands can
be studied. The sharp maxima of the phenolicν(O–H) vi-
bration decrease, and newν(O–H) vibrations are formed,
indicated by the broad absorption at about 3330 cm−1. At
the high-frequency shoulder of those bands the absorption at
3450 cm−1 increases as well. This band might be assigned to
the intra molecular bondedν(OH) of −O· · ·H· · ·O=.

The aerosol particles are highly oxidized. This can be
inspected by the strong carbonyl stretching vibration in the
range 1850 to 1680 cm−1. Two main regions can be identi-
fied in this band, an absorption at 1792 cm−1 indicating the
ν(C=O) of esters, anhydrides and carboxylic acids and an
absorption at 1730 cm−1 indicating quinones, ketones and
other aromatic and aliphaticν(C=O) vibrations. More de-
tailed characterization of the carbonyl stretching region was
reported recently using an aerosol-flow-reactor coupled to an
infrared transmission cell (Ofner et al., 2010).

The increasing vibration at 1416 cm−1 is interpreted as
the δ(O–H) deformation vibration in combination with the
ν(C–O) stretching vibration of carboxylic acids or phenols.
Strong hints at aliphatic or aromatic ether formation are given
by the vibration at 1118 cm−1. This vibration might repre-
sent the aliphatic or aromaticν(C–O) stretching vibration of
ethers. The presence of carboxylic acids is underlined by the
appearance of an absorption at 955 cm1 indicating the out-
of-plane deformation modeδ(O–H).

The decrease of the sharp maxima, which can be assigned
to the aromatic ring vibrations, points at partial ring opening
reactions. However, aromatic and unsaturated structures are
still present in the resulting aerosol particles. Hence, the re-
sulting organic molecules still contains higher oxidized ben-
zene fragments.

Atmos. Chem. Phys., 11, 1–15, 2011 www.atmos-chem-phys.net/11/1/2011/
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Fig. 6. Time resolved long path FTIR spectra of SOA formation from catechol with ozone in 

the dark: The well defined chemical structure of the precursor migrates to the broad rather 

undefined structure of macromolecular organic substances. Assignments of the observed 

bands are listed in Table 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 38

Fig. 6. Time resolved long path FTIR spectra of SOA formation from catechol with ozone in the dark: The well defined chemical structure
of the precursor migrates to the broad rather undefined structure of macromolecular organic substances. Assignments of the observed bands
are listed in Table 1.
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Fig. 7. Transmission difference spectra of the two aerosol precursors compared to the formed 

SOA at different ambient conditions after 30 minutes. The spectra are calculated by dividing 

the single spectra of the different aerosols after 30 minutes formation by the single spectra at 

the beginning of aerosol formation. Assignments of the observed bands are listed in Table 1. 
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Fig. 7. Transmission difference spectra of the two aerosol precur-
sors compared to the formed SOA at different ambient conditions
after 30 min. The spectra are calculated by dividing the single spec-
tra of the different aerosols after 30 min formation by the single
spectra at the beginning of aerosol formation. Assignments of the
observed bands are listed in Table 1.

Comparing the infrared transmission spectra of organic
aerosols formed at different ambient conditions highlights
functional differences not only because of the different pre-
cursors but also because of the varied experimental condi-
tions (Fig. 7). Theν(C–H) stretching vibration of the aro-
matic hydrogens at 3063 cm−1 are stronger degraded at wet
conditions. This band appears to be the strongest with the
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Fig. 8. ATR spectra of secondary organic aerosol particles from catechol and guaiacol 

sampled by electrostatic precipitation onto the KRS-5 crystal. Assignments of the observed 

bands are listed in Table 1. 
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Fig. 8. ATR spectra of secondary organic aerosol particles from
catechol and guaiacol sampled by electrostatic precipitation onto
the KRS-5 crystal. Assignments of the observed bands are listed in
Table 1.

“wet” guaiacol aerosol, because of the weak structure of
the aromatic ring caused by the methyl ether group. The
absorptions at 3010, 2960 and 2855 cm−1, which only ap-
pear in the guaiacol aerosol, are allocated to the methyl
ether group. This group is lost during the aerosol forma-
tion process – strongest at wet conditions. Carbonyl contain-
ing functional groups implyingν(C=O) between 1850 and
1690 cm−1 cannot be characterized in detail. Theν(C=C)
stretching vibration of the aromatic ring at 1620 cm−1 for the
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catechol aerosol is red-shifted to 1606 cm−1 for the guaiacol
aerosol because of the enhanced total mass of the precursor
molecule. The same shift appears for the aromatic stretching
vibration at 1510 cm−1 to 1507 cm−1.

The degradation of the phenolic group at 1364 and
1325 cm−1 is visible for all five ambient conditions, although
the band at 1325 cm−1 is not visible in the spectra of guaiacol
aerosol. The aromatic ring deformation modes at 1272 and
1155 cm−1 also degrade during the conversion of the precur-
sor. Differences within this frequency range agree with the
lowered symmetry of guaiacol. Similar to the formation pro-
cess of catechol and guaiacol aerosol are the degradation pro-
cesses of main structural elements and entire functionalities.
Main differences can be explained by the additional methyl-
ether of guaiacol and therefore by the reduced symmetry and
increased mass of the precursor.

4.3 ATR infrared spectroscopy of aerosol particles

Different formation pathways of SOA from catechol lead to
different chemical properties of the formed aerosol (Fig. 8).
According to the long-path FTIR spectra the major absorp-
tions can be assigned the same way.

The aromatic structure of the SOA is indicated by the –
C=C – aromatic stretch at 1620 cm−1. Also a broad ab-
sorption in the range of the aromatic C–H stretch (3100–
3000 cm−1) verifies this assumption. The aliphatic C–H
stretch vibration is less pronounced at 2960 cm−1 in the gua-
iacol aerosol. Also the absorptions at 860 and 740 cm−1 of
the =C–H out-of-plane deformations belong to the aromatic
system of the organic aerosol.

SOA from catechol formed without solar simulation
at 0% relative humidity exhibits C=O stretch vibration
at 1716 cm−1. This band indicates aryl-aldehydes,α,β-
unsaturated carboxylic acids,α,β-unsaturated aldehydes and
α,β-unsaturated esters. At simulated sunlight conditions this
band shifts to 1740 cm−1, where the vibrations of saturated
ketones, aldehydes, and esters are located. Aromatic orα,β-
unsaturated esters in the dark-formed SOA might be indi-
cated by the bands at 1716, 1295, 1196 and 1118 cm−1. Car-
boxylic acids are represented by theν(C=O) at 1740 cm−1,
the ν(C–O) andδ(O–H) at 1416, 1317 and 1295 cm−1 and
the broadν(O–H) from 3100 to 2500 cm−1. Theν(O–H) ab-
sorption below 3000 cm−1 coupled to the carbonyl stretch at
low wavenumbers observed for all samples gives also hints
at carboxylic acid dimer formation (Excoffon and Marechal,
1972; Florio et al., 2003).

Absorptions in the range of 3200–2500 cm−1 might be-
long to intramolecular-bonded ortho-phenols and the O–H
stretch vibration of carboxylic acids. The broad structured
absorption between 1400 and 1000 cm−1 implies O–H defor-
mation and C–O stretch vibration combinations of aliphatic
and aromatic alcohols. The band at 1196 cm−1 might – apart
from structural features – also belong to the C–O stretch vi-
bration in aromatic ethers or phenols, shown by all SOA sam-

ples. Hence, the absorption at 1045 cm−1, which is masked
by ozone in the long-path absorption spectra, might belong
to the C–O aliphatic stretch vibration of aliphatic-aromatic
ethers. Same absorptions of carbonyls and aromatic rings
were found for photodegradated tannic acid as a model for
HULIS (Cowen and Al-Abadleh, 2009) or for SRFA (Hatch
et al., 2009).

ATR-spectra of SOA from guaiacol imply the asym-
metric stretch (2960 cm−1) and asymmetric deformation
(1440 cm−1) of the –CH3 group. The intensity of those vi-
brations are reduced at wet conditions, because the – CH3
group is destroyed by the reaction with the OH radicals. The
assignment of all other bands can be performed in the same
way as for the catechol experiment. The combination of
these two different FTIR methods allows us to allocate in-
frared group-frequencies to the functional groups and struc-
tural elements listed in Table 1.

ATR-FTIR spectra of SOA from catechol and guaiacol ex-
hibit absorptions reported for natural HULIS and used prox-
ies like SRFA. The carbonyl and aromatic stretching region
between 1600 and 1800 cm−1 are dominated by two bands at
1620 and 1716 or 1740 cm−1. Those absorptions are reported
for SRFA and for natural HULIS (Salma et al., 2010). Es-
pecially theν(C=O) at 1716 cm−1 of SOA catechol formed
in the dark was found in BBOA (Salma et al., 2010). Most
important functional groups of SOA from catechol and gua-
iacol seem to be carboxylic acids, carboxylic anhydrides
and lactones or esters, shown by ATR absorptions at 1317
and 1295 cm−1 and TPP-MS. Those groups are reported for
an ambient aerosol at a rural site with aromatic content of
17% (Coury and Dillner, 2009). Samburova et al. (2007)
found high carboxylic and arylic fractions in HULIS sam-
ples. Aromatic acids with high-molecular weights were well
correlated with HULIS by Stone et al. (2009). Carboxylic
acids and their modifications are highly reported for natural
HULIS, biomass burning aerosol and water-soluble organic
carbon (WSOC) (Salma and Láng, 2008; Kundu et al., 2010;
Limbeck and Puxbaum, 1999; Kumagai et al., 2010). While
Sun et al. (2010) report dimer formation based on C–O or C–
C, ATR-FTIR spectra from catechol and guaiacol give also
hints on formation of carboxylic acid dimers. SOA was pro-
duced for FTIR and TPP-MS measurements at elevated con-
centrations, as described in the experimental section. This
was not causing any identifiable discrepancies, when com-
paring with natural samples or other HULIS models.

In principle, all spectra of natural HULIS look rather simi-
lar, which is not surprising since these are mixtures of highly
oxidized organic compounds. Small differences in band po-
sitions and relative intensities are related to the respective
sampling site and the history of the aerosol. The main group
frequencies of SOA (ν(O–H),ν(C=O),ν(C=C)aromatic, ν(C–
O) of carboxylic acids and of ethers) from catechol and gua-
iacol are compared to natural HULIS extracts (Polidori et al.,
2008; Duarte et al., 2005) and SRFA (Graber and Rudich,
2006), fulvic acids from soil (Stevenson and Goh, 1971)
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Table 1. Main infrared group-frequencies [cm−1] assigned to functional groups∗ and structural features observed in SOA from catechol
and guaiacol at different ambient conditions by comparing aerosol-smog-chamber long-path FTIR spectra (LP) with ATR spectra (ATR).
(w = weak, m = medium, s = strong)

Assignments overall structure
catechol SOA guaiacol SOA

dark light light and wet light light and wet

ν(O–H) intramolec. and−COOH 3450 m m m m m
ν(O–H) 3330 m m m m m
ν(C–H) aromatic 3063LP 3090ATR m w m w w
ν(C–H) of−CHx 2960 m w
R/Ar-COOH· · ·HOOC-R/Ar 3000-2600ATR m w w w w
ν(C=O) aryl and unsaturated ATR 1716
ν(C=O) olfinic and saturated ATR 1740 1740 1740 1740
ν(C=C) aromatic, olefinic LP 1620 1620 1620 1606 1606
ν(C=C) aromatic ring vibr. LP 1510 1510 1510 1507 1507
δ(C–H) of –CHx 1440ATR m w
ν(C–O) andδ(O–H) of−COOH 1416LP s s m m m
ν(C–O) of−OH 1364 m m m s s
ν(C–O) of−COOH, R-COO-R 1317ATR 1295ATR s m m s s
ν(C–O) of Ar-O-Ar, Ar-OH or R-COO-R 1196 s s m s m
ν(C–O) of R-O-Ar 1118 m w w w w
ν(C–O) of R-O-Ar or R-O-R 1045 m m m m m
δ(O–H) carboxylic acids 955LP m w w w w
δ(C–H) out-of-plane 860, 740 m w w s s

∗ Ar – representing conjugated or aromatic structural elements.
R – representing aliphatic or substituted olefinic structural elements.

Table 2. Comparison of the band positions [cm−1] and strengths (w = weak, m = medium, s = strong) of the present ATR-FTIR spectra of
SOA from catechol and guaiacol with IR spectra of natural humic and fulvic acids and HULIS and other HULIS models.

Material Natural humic Natural humic and Extracts from Extracts from Tannic acid as SOA from catechol
Assignments and fulvic acids(1) fulvic acids(2) acids(2) rural aerosol(3) urban aerosol(4) model for HULIS(5) and guaiacol (this work)

ν(O–H) aromatic 3400 3300–3400 3400 m 3360–3444 m 3392–3400 m 3330–3450 m
ν(C=O) 1720 m 1720 1720 s 1710–1742 s 1713 m 1716–1740 s
ν(C=C) 1600–1660 1620 1600–1660 m 1613–1638 m(a) 1616 m 1620 m
ν(C–O) of−COOH ∼ 1200 1225, 1350 1220 1439, 1375(c) 1209, 1298, 1250–1310 1295, 1317, 1416
ν(C–O) of ethers 1050(a) – 1061(b) 1045, 1090, 1177, 1217 w 1036,1045 and 1080 w 1045 and 1118 w

(a) interpreted asν(C=O) alone;(b) assigned to polysaccharides;(c) allocated to COO− (1) Stevenson and Goh (1971); IR spectra from KBr pellets containing aqueous extracts of
humic and fulvic acids acids from various soils, mud and peat.(2) Baes and Bloom (1989); DRIFT spectra of powders, material was extracted from peat.(3) Graber and Rudich
(2006); comparing the FTIR spectrum Suwannee River fulvic acid standard reference material (www.ihss.gatech.edu) with HULIS: aqueous extracts from aerosol at a rural area in
Portugal (summer and autumn) presented by Duarte et al. (2005).(4) Polidori et al. (2008); ATR-FTIR spectra of various extracts (hexane, dichloromethane, ethyl acetate, acetone
and methanol) from aerosol collected at Pittsburgh in spring/summer and fall/winter.(5) Cowen and Al-Abadleh (2009); DRIFTS spectra of tannic acid (as a model for HULIS) and
its photodegradation products.

and peat humic and fulvic acids (Baes and Bloom, 1989)
as well as to tannic acid, which is a previously reported
model compound (Cowen and Al-Abadleh, 2009) (see Ta-
ble 2). The main characteristic frequencies are assigned in
the same way as in the literature. However, in two stud-
ies (Polidori et al., 2008; Stevenson and Goh, 1971) the ab-
sorption at about 1620 cm−1, which is present also in all our
spectra, has been interpreted as an additionalν(C=O) band.
Based on our long-path spectra and according to Graber and
Rudich (2006) and Cowen and Al-Abadleh (2009) an assign-
ment toν(C=C), maybe in resonance withν(C=O), seems to

be the more comprehensible interpretation – an amide band,
as found in some field samples, cannot be present in our lab
studies where nitrogen-containing compounds are abesent.
While the main absorptions are in excellent agreement, dif-
ferences occur only for the assignment ofν(C–O) of the car-
boxylic acids between all five studies. The different positions
are compared in Table 2. The reason for that might be the
different degree of dissociation of the carboxylic acids or a
possible hydrogen bonding depending on the environmental
conditions and ester- carboxylic-acid-dimer-like molecular
structures.

www.atmos-chem-phys.net/11/1/2011/ Atmos. Chem. Phys., 11, 1–15, 2011
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Table 3. Maxima of observed decomposition temperatures [◦ C] of functional groups in a sample of catechol SOA dark (bold face, s = strong,
w = weak) and comparison with the other conditions (light, light and wet) and precursor∗, leading to the categories increased (↑), equal (=),
decreased (↓) and not observed (−) for the functional groups.

Functional groups carboxylic acids carboxylic anhydride lactones and esters phenols ethers carbonyls and quinones

Decomposition temperatures 270 / 320 460 620 680 680 860
catechol dark s / w w s w w s
catechol light ↓ / = ↑ = = = ↓

catechol light and wet ↓ / ↑ = = ↑ = ↓

guaiacol light = / ↑ ↑ = = = −

guaiacol light & wet ↓ / ↑ = ↓ = = ↓

∗ Data concerning guaiacol SOA in dark do not exist because of a lack of reactivity against ozone.

Fig. 9. Diffuse reflectance UV/VIS spectra of SOA from catechol
and guaiacol and absorption spectra of the pure compounds.

4.4 Diffuse reflectance UV/VIS spectroscopy of aerosol
particles

The diffuse reflectance UV/VIS spectra of the different
aerosol particles from catechol and guaiacol are dominated
by a broad, typicalÅngstr̈om absorption coefficient be-
haviour (Moosm̈uller et al., 2010) detectable up to 600 nm,,
which is in good agreement with the brown colour of these
samples (Fig. 9). The broadness is such that individual elec-
tronic transitions can hardly be distinguished, underlining
the fact that numerous types of conjugatedπ bonds exist in
the SOA. The main absorptions of the two precursors cat-
echol and guaiacol in the UV/VIS range are at about 220
and 275 nm, related to theπ → π∗ transition of the aromatic
system and the n→ π∗ transition of the lone pairs of the hy-
droxyl substituent. Within the broad absorption of the or-
ganic aerosol particles there occur three main absorptions at
212, 254 and 333 vnm, which are represented in all different
types of organic aerosol from catechol and guaiacol. One ad-
ditional absorption at 292 nm is only represented in the cat-
echol dark SOA. This transition seems to be destroyed by
UV/VIS radiation.
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Fig. 10. TPP signals of the three important masses 17 (OH), 28 (CO or N2) and 44 (CO2) 

observed as a function of temperature for the five different SOA particles. The hatched 

temperature ranges mark observed decomposition of the following functional groups in soot: 

carboxylic acid (270 and 320), carboxylic acid anhydride (460), lactone and ester (620), 

phenol (680, m/z=17), ether (680; m/z=28), and carbonyl and quinone (860). The strengths of 

these features are indicated as s (strong) and w (weak) for catechol SOA dark, and are 

compared with each other SOA in Table 3. 
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Fig. 10. TPP signals of the three important masses 17 (OH), 28
(CO or N2) and 44 (CO2) observed as a function of temperature for
the five different SOA particles. The hatched temperature ranges
mark observed decomposition of the following functional groups
in soot: carboxylic acid (270 and 320), carboxylic acid anhydride
(460), lactone and ester (620), phenol (680,m/z= 17), ether (680;
m/z= 28), and carbonyl and quinone (860). The strengths of these
features are indicated as s (strong) and w (weak) for catechol SOA
dark, and are compared with each other SOA in Table 3.

The UV/VIS spectra are in well agreement with other aro-
matic precursor oxidation studies (Gelencsér et al., 2003;
Hoffer et al., 2004). Especially theπ → π* electron tran-
sition at about 260 nm is similar to natural HULIS samples
(Baduel et al., 2009).
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J. Ofner et al.: Physico-chemical characterization of SOA derived from catechol and guaiacol 11

4.5 TPP-MS of solid aerosol phase

The background corrected TPP mass spectra of the five
aerosol types are well structured for the masses 17 (OH),
28 (CO) and 44 (CO2) (Fig. 10). Peaks below 150◦C are
not interpreted because of outgassing of physically adsorbed
molecules like H2O, N2, CO and CO2 which might pollute
the signals of pyrolysing functional groups. Based on the
thermal stability of oxygen containing functional groups and
their fragments (Muckenhuber and Grothe, 2006) peak max-
ima and relative peak intensities have been assigned to the
different aerosol types (Table 3).

Two thermal instabilities of carboxylic acids occur at 270
and 340◦C. There are small differences in the relative inten-
sities of those two acids. Them/z44 signal assigned to lac-
tones or esters is very intense for all aerosol particles except
guaiacol SOA light and wet. Further carboxylic anhydrides,
phenols and carbonyls and quinones are represented in the
TPP mass spectra. Ethers might decompose at 680◦C, but
the resultingm/z28 signal is rather small.

The thermal analysis of functional groups is in good agree-
ment with the vibrational spectra, confirming that highly ox-
idized functional groups play a major role but demonstrat-
ing that also lower oxidized groups are present in the aerosol
particles. While enhancing the oxidation ability by changing
the environmental conditions, carboxylic acids which are sta-
ble at higher temperatures (320◦C) increase. However, car-
boxylic acids at lower temperatures (270◦C), carbonyls and
quinones decrease. Minor increases could be observed at car-
boxylic anhydrides and phenols. The amount of lactones or
esters seems to be stable at different simulated environmental
situations.

4.6 Ultrahigh resolved mass spectra of aerosol
composition

The methanol extracts from the filter samples exhibit a Gaus-
sian signal distribution between 150 and 900m/z(Fig. 11a) in
negative mode electrospray ICR-FT/MS. The main region is
between 200 and 450m/z. The polymers showed thousands
of signals that are calculated into individual CHO elementary
compositions. In the presence of light, the chemical diver-
sity of the samples significantly increased for both catechol-
and guaiacol-based mixtures; water however did not have the
same impact. The mainm/z ratio of organic molecules in
the particles of 200–450 is closer to natural HULIS samples
than SRFA (Graber and Rudich, 2006) and is comparable
to other SOA samples from photooxidation (Kalberer et al.,
2004; Schmitt-Kopplin et al., 2010).

The distribution of them/zsignal in ICR-FT/MS is very
similar between the catechol- and guaiacol-aerosol extracts.
A detailed description on the elementary composition level
shows signals that are typical of the catechol or guaiacol ori-
gin.

Hundreds of calculated elementary compositions were
transformed into atomic H/C and O/C ratios for a repre-
sentation on Van Krevelen Diagrams (Hertkorn et al., 2007;
Hertkorn et al., 2008). Based on only one molecular precur-
sor the resulting aerosols cover a major part of the possible
CHO compositional space. Previous ICR-FT/MS analysis on
organic aerosols obtained from chamber experiments based
on α-pinene ozonolysis enabled the differentiation of vari-
ous monomers to oligomers (Reinhard et al., 2007); in this
case however the mixtures are characteristic with continuous
H/C values restricted between 0.5 and 1.5 and O/C values
ranging from 0.3 up to 1 with gradual changes in peak in-
tensity with increasing oxygen content. This behaviour is
particular to the catalyzed oxidative polymerisation of these
phenols to polyphenols as described in the early days of
soil humic substance chemistry (Stevenson, 1994). Organic
aerosol from catechol and guaiacol is typically characterized
by high oxygen to carbon ratios (Fig. 11b), indicating the
presence of highly-oxidized benzenes or conjugated olefins.
Catechol-based mixtures also significantly differ from gua-
iacol (Fig. 11b) with signals of increased intensity having
lower oxygen content and higher aromaticity. The O/C ra-
tio between 0.3 and 1 is in good agreement with the re-
ported O/C ratios for LV-OOA (low-volatile oxidized organic
aerosol) and SV-OOA (semi-volatile OOA) (Jimenez et al.,
2009). Further, the medium value of 0.6–0.7 fits the de-
scribed oxidation state of atmospheric HULIS very well, al-
though the measured H/C ratio of about 1 is lower than the
reported 1.6–1.7 (Graber and Rudich, 2006). The H/C ra-
tio is in good agreement with the widely used proxy SFRA
(Dinar et al., 2006).

Based on the chemical structure of the precursors, hydro-
gen to carbon ratios above 1 and high oxygen contents can
only be explained by condensations and the addition of hy-
droxyl groups to the unsaturated carbon structure, which is
confirmed by the broadν(O–H) absorption in the FTIR spec-
tra.

5 Conclusions

SOA from catechol and guaiacol typically exhibits small par-
ticles with diameters between 40 and 90 nm, built up by a
very fast formation process. Environmental conditions like
solar radiation or relative humidity influence not only phys-
ical properties like aerosol size distributions or formation
yields but also chemical properties like the total amount of
oxidized sites and amount and types of functional groups.
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Fig. 11. ICR-FT/MS spectra in them/zrange 150 to 900(a) and Van Krevelen diagrams(b) showing the distribution of the H/C and O/C
ratios of the ICR-FT/MS data in the CHO compositional space as a function of precursor, light and wet.

The difference between the H/C values is explained by the
absence of aliphatic side chains in the SOA from catechol
and guaiacol. Hence, SOA from those precursors represents
the aromatic and olefinic oxidized core structure of atmo-
spheric HULIS very well. Only saturated aliphatic parts of
atmospheric HULIS are not represented.

Light absorption of those organic particles ranges from
less than 200 nm up to 600 nm into the visible region and de-
clines very smoothly. Thus, derived SOA samples are light
brown coloured. This optical feature indicates absorption
processes according to aromatic or olefinic structures with
a large variety of chemically bonded oxygen.

The chemical transformation from the gaseous precursor
to the final aerosol particle is distinguished by the formation
of different functional groups and disappearance of well de-
fined structural elements of the entire benzene ring. The aro-
matic or olefinic structural element, an important attribute for
atmospheric HULIS, still persists in the aerosol particle.

The variation of simulated sunlight or relative humidity
results in various degrading structural elements like aromatic
ν(C=C) andν(C–H) stretch vibrations and pronounced oxy-
gen containing functional groups, shiftingν(C=O) vibra-
tions.

SOA from catechol and guaiacol provides several features
according to natural and synthetic HULIS and commercial
proxies as discussed above. Especially the high molecu-
lar weight caused by the aromatic system and the polycar-
boxylic acidic functionality matches those properties. Also
the main reported group frequencies are well comparable to
humic acids, natural HULIS and other model HULIS.

Due to the easy preparation, our model is applicable for
lab-scale measurements of organic aerosol processing in an
aerosol smog-chambers or aerosol flow reactors. Commer-
cial HULIS proxies like SRFA would need special and com-
plex preparation techniques like ultra-sonic nebulising or at-
omizing of solutions. While the use of one precursor alloa-
ration with comparable properties and even permits forma-
tion under very different simulated environmental situatws
easy aerosol prepions. SOA could perform like SV- and
LV-OOA using aerosol-smog-chamber experiments close to
natural conditions. Different stable aged modifications of
SOA from catechol and guaiacol could be obtained. Syn-
thetic SOA from catechol and guaiacol produced in aerosol
smog-chamber experiments fulfil the physical chemical char-
acteristics of HULIS better than SRFA due to their analytical
properties and can be used as atmospheric model substances
for HULIS in laboratory experiments to study heterogeneous
reactions with aromatic or olefinic cores.
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