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Recently, it has been proposed (M. Claeys et al., Science 2004; 303: 1173) that the atmospheric OHradical-mediated photooxidation of isoprene is a source of two major secondary organic aerosol
(SOA) components, that is, 2-methylthreitol and 2-methylerythritol. These diastereoisomeric tetrols,
which were characterized for the first time in the fine size fraction (<2.5 mm aerodynamic diameter) of
aerosols collected in the Amazon rain forest during the wet season, were proposed to enhance the
capability of the aerosols to act as cloud-condensation nuclei. In the present study, we performed the
oxidation of isoprene in aqueous solution under conditions that attempted to mimic atmospheric
OH-radical-induced photooxidization, and monitored and characterized on-line the reaction products via electrospray ionization mass (and tandem mass) spectrometry in the negative ion mode. The
results show that the reaction of isoprene with photo- or chemically generated hydroxyl radicals
indeed yields 2-methyltetrols. Other polyols were also detected, and they may therefore be considered as plausible SOA components eventually formed in normal or more extreme OH-radicalmediated photooxidation of biogenic isoprene. Copyright # 2006 John Wiley & Sons, Ltd.
Recently, detailed analysis of natural atmospheric aerosols
collected in the Amazon rain forest during the wet season
identified two unprecedented components of secondary
organic aerosol (SOA): a diastereoisomeric mixture of 2methylthreitol and 2-methylerythritol.1,2 This polar, hygroscopic and low vapor pressure isomeric pair of C5 polyols
was proposed to participate in the formation of new
atmospheric particles and haze above forests and to enhance
the capability of the aerosols to act as cloud-condensation
nuclei. Owing to their C5 skeleton, the 2-methyltetrols 2 were
proposed to be formed by OH-radical-mediated photooxidation of isoprene via diols 1 (Scheme 1). The exact
photooxidation mechanism(s) by which isoprene is converted in the atmosphere into 2-methyltetrols is (are)
however still unclear at present, and gas-phase as well as
mixed-phase mechanisms involving the aqueous aerosol
phase have been considered. Subsequent to the field
identification of 2-methyltetrols, it was shown in a laboratory
study3 that isoprene could be converted in aqueous solution
into 2-methyltetrols through an acid-catalyzed reaction with
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hydrogen peroxide, which is formed in the atmosphere via
recombination of hydroperoxy radicals. This crucial role for
isoprene is relevant considering that it is a major biogenic
volatile organic compound with an annual global production
estimated at about 500 teragrams and representing almost
50% of all biogenic non-methane hydrocarbons.4,5 More
recently, the field identification of 2-methyltetrols has
motivated smog chamber studies1 in which isoprene was
re-examined as a key precursor for SOA production and in
which the potential use of the 2-methyltetrols 2 as molecular
markers for air quality monitoring was addressed.
Previously, the photooxidation of isoprene in the atmosphere has been thought to result only in lighter and volatile
products such as formaldehyde, methacrolein, and methyl
vinyl ketone, but not in polar products that can give rise to
aerosols by gas-to-particle formation processes.4,5 Under
simulated atmospheric conditions, photooxidation of isoprene by ozone was shown to be relatively slow and to occur
mainly via reaction with OH radicals.6 Furthermore, when
the OH-radical-initiated photooxidation of isoprene was
investigated in the absence of NOx, the formation of 1,2-diol
derivatives 1 was observed (Scheme 1).7 Note that isoprene
and its 1,2-diol derivatives have been shown to serve as
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Scheme 1. Possible formation pathways of the 2-methyltetrols 2 via atmospheric
photooxidation of isoprene. For more details on the gas-phase pathway involving
OH radicals, see Refs. 1 and 2. For more details on the alternative pathways
involving reactions in the aqueous aerosol phase, see Refs. 3 and 8.

possible precursors for the 2-methyltetrols in the recent smog
chamber study by Boege et al.,8 which was performed at a
high relative humidity (>45%) and used hydrogen peroxide
as oxidant and acidic seed particles. The yields observed for
the 1,2-diol derivatives 1 were higher than with isoprene
itself, lending support to the hypothesis that 1,2-diol
derivatives formed in the gas phase by OH-radical-induced
reactions could be further oxidized in the aerosol liquid
phase.
Molecular analysis by mass spectrometry (MS) has greatly
benefited from the development of electrospray ionization
(ESI).9 This innovative technique has enabled the ionization
of a great variety of molecules of high polarity, molecular
complexity or mass.10–13 ESI-MS(/MS) has been effectively
applied to elucidate reaction mechanisms,13 especially of
polar (basic or acidic) or ionic components in polar solutions,
via detection and identification of major products and
intermediates.13–19 To investigate further the possible role of
isoprene in the formation of the SOA marker compounds, i.e.
the 2-methyltetrols 2 in the liquid-phase atmospheric aerosol,
we decided to use ESI-MS(/MS) with its exceptionally
advantageous features to monitor on-line both the photoand chemically initiated OH-radical-mediated oxidation of
isoprene in aqueous solution.

EXPERIMENTAL
All the experiments were performed in a high-resolution
hybrid double quadrupole (Qq) and orthogonal time-ofCopyright # 2006 John Wiley & Sons, Ltd.

flight (TOF) mass spectrometer (Qtof, Micromass UK). The
temperature of the nebulizer was 508C. The ESI source and
the mass spectrometer were operated in the negative-ion
mode. The cone and extractor potential were set to 40 and
10 V, respectively. The scan range was m/z 50–1000. The
reaction between isoprene and chemically generated OH
radicals was performed by mixing 5 mL of 30% H2O2, 1 mL of
isoprene, 10 mg of AIBN, and 20 mL of distilled water. The
resulting mixture was then maintained under continuous
and vigorous stirring. The photooxidation of isoprene was
conducted by exposing a mixture of 30% H2O2 (5 mL),
isoprene (5 mL), and distilled water (20 mL) to a 15 W UV
lamp (with a wavelength of 254 nm) under continuous and
vigorous stirring. No precaution was taken to remove
oxygen from the system. Upon decantation, a small portion
of the aqueous phase was collected, by using a microsyringe,
and introduced directly into the ESI-MS source at a flow rate
of 0.01 mL/min.

RESULTS AND DISCUSSION
Photo- and AIBN-initiated H2O2 oxidation
of isoprene
Figure 1(a) displays a representative ESI() spectrum
acquired after a reaction time of 10 min for the solution in
which reactions are taking place between isoprene and
hydroxyl radicals generated via the decomposition of H2O2
by AIBN.20 Note that the ESI() spectrum for the H2O2
photooxidation of isoprene (not shown) also displayed a
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Figure 1. (a) ESI() spectrum for the aqueous solution in
which reactions occur between isoprene and hydroxyl
radicals, chemically generated via decomposition of H2O2
by AIBN, after a reaction time of 10 min. (b) ESI() spectrum
for the aqueous solution in which reactions occur between
isoprene and H2O2 in aqueous solution and in the absence of
light, after a reaction time of 3 h. To allow a more consistent
comparison, the absolute abundance scales in both spectra
are the same.

similar set of anionic products, i.e. major ions of m/z 101, 119,
133, 135, 149, 151, and 165, but after longer reaction times.
After a reaction time of 5 to 10 min, ESI()-MS detects
clearly an ion of m/z 135. This anion probably arises via the
deprotonation of the diastereoisomeric 2-methyltetrols 2,
which is probably formed under these reaction conditions.
High accuracy m/z measurement shows good agreement
between the experimental (135.0595) and theoretical
(135.0617) m/z values for [2  H] of chemical composition
C5H11O4.
For structural characterization, ESI()-MS/MS21 experiments were performed. The ion of m/z 135 was mass-selected
by Q1 and subsequently submitted to collision-induced
dissociation (CID) with argon in the hexapole collision cell
with the product ions being analyzed by the high-resolution
orthogonal TOF analyzer (Fig. 2(a)). A series of product ions
formed mainly by losses of H2 (m/z 133), H2O (m/z 117),
H2OþH2 (m/z 115), CH3OH (m/z 103), CH3OHþH2 (m/z 101),
2  H2O (m/z 99), H2OþCO (m/z 89), H2OþCH3OH (m/z 85),
3  H2O (m/z 81), and 2  CH3OH (m/z 71) is evident. These
diverse dissociation pathways of [2  H], particularly the
sequential losses of water and methanol molecules, are
therefore consistent with the alleged formation and detection
of compounds 2 (Scheme 2). Even more conclusive is the
close similarity of the ESI() tandem mass spectrum of the
Copyright # 2006 John Wiley & Sons, Ltd.

Figure 2. ESI() tandem mass spectra of (a) the ion of m/z
135 attributed to [2  H] from the reaction of isoprene with
chemically generated (AIBN-H2O2) hydroxyl radicals (see Fig.
1) and (b) from a solution of authentic 2.

ion of m/z 135 (Fig. 2(a)) with that of the authentic [2  H]
from an aqueous solution of genuine 2 (Fig. 2(b)).22
To verify whether the anionic products (as observed in the
spectrum of Fig. 1(a)) could alternatively originate from the
oxidation of AIBN by H2O2, a blank experiment was
conducted in which the reaction between both compounds
in aqueous solution was continuously monitored. However,
only non-coincident product ions, with lower m/z values,
were detected in the corresponding ESI() spectrum (not
shown). Another control experiment, in which reactions
were performed between isoprene and H2O2 in aqueous
solution and in the absence of light, was conducted to verify
the effect of AIBN on the reaction rate and product
distribution. The ESI()-MS spectrum for this solution
(Fig. 1(b)), obtained after a reaction time of 3 h, shows the
presence of a similar set of anionic products as seen in Fig.
1(a), although in much smaller abundance. This result thus
confirms that hydroxyl radicals, also formed in these milder
conditions, do react with isoprene to yield the corresponding
oxygenated products, even in the absence of light or a strong
initiator such as AIBN.
Other relevant ions in the spectrum of Fig. 1(a) are those of
m/z 101, which probably correspond to the diols 1 in their
deprotonated forms ([1  H]), and of m/z 119, probably the
water adducts of [1  H]. As proposed in Schemes 1 and 2,
diols 1 are intermediates in the formation of the 2methyltetrols 2. Again, good agreement is observed
between the measured (101.0584) and calculated (101.0603)
m/z values for [1  H] of chemical composition C5H9O2.
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Scheme 2. Proposed route for the formation of the oxygenated products 1–8 in the reaction of
isoprene with hydroxyl radicals, generated by the AIBN decomposition of H2O2.
Likewise, the ESI()-MS detection of the anions of m/z 133,
149, 165, 151, and 179 (Fig. 1(a)) suggests the formation of
other polyoxygenated products such as 3, 4, 6, 7, and 8,
respectively, as proposed in Scheme 2. As expected, for
longer reaction times, the abundance of the ions of m/z 133,
149, 151, 165, and 179 continuously increases whereas that of
the ions of m/z 101 and 135 simultaneously decreases (spectra
not shown). This variation in ion abundances is likely related
to the consumption of precursors 1 and 2 and formation of
the polyoxygenated products 3–8 via further oxidation of 2.
In Scheme 2 we suggest that one of the CH2OH groups of 2 is
oxidized to form aldehyde 3, which can be easily converted
into carboxylic acid 4. Subsequent oxidation of the CH2OH
moiety of 4 is suggested to produce 5, whose deprotonated
form of m/z 147 was unfortunately not detected in the
spectrum of Fig. 1(a). The hydrates 6 and 7, which are
possibly stable species in aqueous solution, are proposed to
be formed via the common nucleophilic addition of water at
the reactive carbon of the aldehyde carbonyl of 5 and 3,
respectively.23 Note also that the structures for 3–8 are
chemically reasonable based on classical OH-radicalmediated oxidation reactions,24 but other possible isomeric
structures (and other likely pathways leading to them) can
also be proposed. The ESI() tandem mass spectra of deprotonated 3–8 (not shown) also show dissociations characteristic
of polyhydroxylated carboxylic acids. The presumed
[6  H] ion of m/z 165 dissociates by the losses of a methyl
radical (CH3, m/z 150), CH3þH (m/z 149), CH3þCO (m/z 122),
and CH3þCO2 (m/z 106). The ESI() tandem mass spectrum
of [7  H] of m/z 151 shows the ion to dissociate mainly by
losses of CH3 (m/z 136) and CH3þCO (m/z 108). Similarly, the
ESI()-MS/MS spectrum of [8  H] of m/z 179 shows
Copyright # 2006 John Wiley & Sons, Ltd.

fragments of m/z 164 (loss of CH3) and 120 (loss of CH3þCO2).
Additionally, [4  H] of m/z 149 dissociates by the losses of
H2O (m/z 131), CH3OHþH2 (m/z 115), COþH2O (m/z 103), and
CH3CO2H (m/z 89), whereas [3  H] of m/z 133 dissociates by
the losses of H2O (m/z 115), COþH2 (m/z 103), and CH3OHþH2
(m/z 99). Furthermore, the experimental high accuracy m/z
values of these ions show again good agreement with that
calculated for the proposed polyols (only formulae based on
carbon, hydrogen and oxygen were considered): [3  H]
(found: 133.0455; calculated: 133.0501 for C5H9O4),
[4  H] (found: 149.0511; calculated: 149.0450 for C5H9O5),
[6  H] (found: 165.0325; calculated: 165.0309 for C5H9O6),
[7  H] (found: 151.0643; calculated: 151.0607 for C5H11O5),
and [8  H] (found: 179.0177; calculated: 179.0191 for C5H7O7).

CONCLUSIONS
In conclusion, the OH-radical-mediated oxidation of isoprene by H2O2 in solution initiated either photochemically or
by AIBN seems to mimic adequately the liquid-phase aerosol
atmospheric oxidation of isoprene, as revealed by ESI()MS(/MS) monitoring. The in situ detection and structural
characterization of 2-methyltetrols 2, which were recently
identified by Claeys et al.2 in atmospheric aerosols of the
Amazon forest and proposed to enhance the capability of
aerosols to act as cloud-condensation nuclei, shows that
isoprene is indeed, via reactions with OH radicals, a liable
candidate for the precursor of the 2-methyltetrols, especially
in such liquid-phase atmospheric aerosols. Other polyoxygenated compounds assigned as 1 (the diol precursors of 2),
3, 4, 6, 7, and 8 have also been intercepted and structurally
characterized by ESI()-MS(MS) monitoring. Products 3–8
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are probably formed by further oxidation of 1 and 2, and they
may therefore be also considered as plausible SOA
components eventually formed in normal or more extreme
OH-radical-mediated photooxidation of biogenic isoprene.
The present approach may also be useful in similar studies
aimed at characterizing first-generation products of OHradical-mediated oxidation of other atmosphere-relevant
chemicals. A possible target is methacrolein, which is not
inert in the atmosphere and may be further oxidized by dark
photochemistry in the aqueous aerosol phase.3

Acknowledgement
The authors acknowledge the São Paulo State Science
Foundation (FAPESP) and the Brazilian National Science
Council (CNPq) for financial support and research fellowships.

REFERENCES
1. Edney EO, Kleindienst TE, Jaovi M, Lewandowski M, Offenberg JH, Wang W, Claeys M. Atmos. Environ. 2005; 39: 5281.
2. Claeys M, Graham B, Vas G, Wang W, Vermeylen R,
Pashynska V, Cafmeyer J, Guyon P, Andreae MO, Artaxo
P, Maenhaut W. Science 2004; 303: 1173.
3. Claeys M, Wang W, Ion A, Kourtchev I, Gelencsér A,
Maenhaut W. Atmos. Environ. 2004; 38: 4093.
4. Pandis SN, Paulson SE, Seinfeld JH, Flagan RC. Atmos.
Environ. 1991; 25A: 997.
5. Guenther A, Hewitt CN, Erickson D, Fall R, Geron C,
Graedel T, Harley P, Klinger L, Lerdau M, McKay WA,
Pierce T, Scholes B, Steinbrecher R, Tallamraju R, Taylor J,
Zimmerman P. J. Geophys. Res. 1995; 100: 8873.

Copyright # 2006 John Wiley & Sons, Ltd.

6. Atkinson R, Carter WPL. Chem. Rev. 1984; 84: 437.
7. Ruppert L, Becker KH. Atmos. Environ. 2000; 34: 1529.
8. Boege O, Miao Y, Plewka A, Herrmann H. Atmos. Environ.
2006; 40: 2501.
9. McLuckey SA, VanBerkel GJ. Int. J. Mass Spectrom. 1997; 162:
R9.
10. Cooks RG, Zhang DX, Koch KJ, Gozzo FC, Eberlin MN. Anal.
Chem. 2001; 73: 3646.
11. Takats Z, Nanita SC, Cooks RG. Angew. Chem. Int. Ed. 2003;
42: 3521.
12. Domingos JB, Longhinotti E, Brandao TAS, Bunton CA,
Santos LS, Eberlin MN, Nome F. J. Org. Chem. 2004; 69: 6024.
13. Santos LS, Pavam CH, Almeida WP, Coelho F, Eberlin MN.
Angew. Chem. Int. Ed. 2004; 43: 4330.
14. Griep-Raming J, Meyer S, Bruhn T, Metzger JO. Angew.
Chem. Int. Ed. 2002; 41: 2738.
15. Meyer S, Metzger JO. Anal. Bioanal. Chem. 2003; 377: 1108.
16. Augusti DV, Carazza F, Okuma AA, Augusti R. Rapid
Commun. Mass Spectrom. 2003; 17: 1084.
17. Pereira RMS, Paula VI, Buffon R, Tomazela DM, Eberlin MN.
Inorg. Chim. Acta 2004; 357: 2100.
18. Hinderling C, Adlhart C, Chen P. Angew. Chem. Int. Ed. 1998;
37: 2685.
19. Chen P. Angew. Chem. Int. Ed. 2003; 42: 2832.
20. AIBN is the most widely used radical initiator. Its favorable
decomposition rate undoubtedly reflects weaker than normal C–N bonds. Furthermore, the thermodynamic stability
of molecular nitrogen, formed during its decomposition,
probably provides an overall driving force for such a process. For more details, see: Takenaka M, Johnson AF, Kamide
K. Polymer 1994; 35: 3899.
21. Eberlin MN. Mass Spectrom. Rev. 1997; 16: 113.
22. Wang W, Vas G, Dommisse R, Loones K, Claeys M. Rapid
Commun. Mass Spectrom. 2004; 18: 1787.
23. Pine SH. Organic Chemistry (5th edn). McGraw-Hill, Inc.:
Singapore, 1987.
24. March J. Advanced Organic Chemistry (4th edn). John Wiley:
New York, 1992.

Rapid Commun. Mass Spectrom. 2006; 20: 2104–2108
DOI: 10.1002/rcm

