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Atmospheric aerosols formed by nucleation of vapors affect
radiative forcing and therefore climate. However, the underlying
mechanisms of nucleation remain unclear, particularly the in-
volvement of organic compounds. Here, we present high-resolu-
tion mass spectra of ion clusters observed during new particle
formation experiments performed at the Cosmics Leaving Outdoor
Droplets chamber at the European Organization for Nuclear
Research. The experiments involved sulfuric acid vapor and
different stabilizing species, including ammonia and dimethyl-
amine, as well as oxidation products of pinanediol, a surrogate for
organic vapors formed from monoterpenes. A striking resem-
blance is revealed between the mass spectra from the chamber
experiments with oxidized organics and ambient data obtained
during new particle formation events at the Hyytiälä boreal forest
research station. We observe that large oxidized organic com-
pounds, arising from the oxidation of monoterpenes, cluster di-
rectly with single sulfuric acid molecules and then form growing
clusters of one to three sulfuric acid molecules plus one to four
oxidized organics. Most of these organic compounds retain 10
carbon atoms, and some of them are remarkably highly oxidized
(oxygen-to-carbon ratios up to 1.2). The average degree of oxy-
genation of the organic compounds decreases while the clusters
are growing. Our measurements therefore connect oxidized
organics directly, and in detail, with the very first steps of new
particle formation and their growth between 1 and 2 nm in a con-
trolled environment. Thus, they confirm that oxidized organics are
involved in both the formation and growth of particles under
ambient conditions.

aerosol particles | atmospheric nucleation | atmospheric chemistry |
mass spectrometry

Atmospheric new particle formation (often referred to as nu-
cleation) plays an important yet uncertain role in climate.

Particles with diameter (Dp) larger than about 50 nm can serve as
seeds for the condensation of water to form cloud droplets [cloud
condensation nuclei (CCN)]. Cloud properties such as albedo and
lifetime are in turn sensitive to CCN number concentrations.

Changes to CCN number concentrations from preindustrial times
constitute a major uncertainty in estimates of anthropogenic cli-
mate forcing (1). New particle formation dominates the total
number concentrations of atmospheric aerosol particles; how-
ever, newly formed particles must grow from Dp ∼ 1.5 to Dp ∼
50–100 nm to be able to act as CCN, and the vast majority are

Significance

The formation of nanoparticles by condensable vapors in the
atmosphere influences radiative forcing and therefore climate.
We explored the detailed mechanism of particle formation, in
particular the role of oxidized organic molecules that arise
from the oxidation of monoterpenes, a class of volatile organic
compounds emitted from plants. We mimicked atmospheric
conditions in a well-controlled laboratory setup and found that
these oxidized organics form initial clusters directly with single
sulfuric acid molecules. The clusters then grow by the further
addition of both sulfuric acid and organic molecules. Some of
the organics are remarkably highly oxidized, a critical feature
that enables them to participate in forming initial stable mo-
lecular clusters and to facilitate the first steps of atmospheric
nanoparticle formation.

Author contributions: S. Schobesberger, K.L., A.F., J. Duplissy, R.C.F., J.K., A.L., S.M., A.O.,
F.D.S., M.S., U.B., K.S.C., J.C., A.H., T.P., M. Kulmala, N.M.D., and D.R.W. designed research;
S. Schobesberger, F.B., K.L., S.E., I.K.O., A.F., T.N., F.R., J. Duplissy, J.A., M.B., A.J.D., E.M.D.,
M. Kajos, H.K., J.K., A. Kupc, A. Kürten, T.K., A.P.P., L.R., S. Schallhart, R.S., G.T., and D.W.
performed research; H.J., G.L., M.E., K.L., M.H., T.K., H.V., and D.R.W. contributed new
reagents/analytic tools; S. Schobesberger, H.J., F.B., M.E., K.L., J. Dommen, S.E., I.K.O., A.F.,
T.N., F.R., J.A., A.A., M.B., A.P.P., L.R., R.S., and A.T. analyzed data; and S. Schobesberger
and N.M.D. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1To whom correspondence should be addressed. E-mail: siegfried.schobesberger@
helsinki.fi.

2Present address: Department of Physics, University of Helsinki, 00014 Helsinki, Finland.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1306973110/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1306973110 PNAS | October 22, 2013 | vol. 110 | no. 43 | 17223–17228

EA
RT

H
,A

TM
O
SP

H
ER

IC
,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S

mailto:siegfried.schobesberger@helsinki.fi
mailto:siegfried.schobesberger@helsinki.fi
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306973110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306973110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1306973110


lost due to coagulation (2). Formation and growth of particles
are separate but coupled problems, likely involving contri-
butions from different species (3, 4). It is imperative that we
understand both these problems to understand and predict past
and future changes to the CCN budget as both climate and
emissions change in the future.
There is strong evidence that atmospheric new particle for-

mation nearly always involves clusters with at least one molecule
of sulfuric acid (5–8). However, sulfuric acid is not abundant
enough in the atmosphere to alone explain the observed for-
mation rates of new particles (9). It remains unclear how other
compounds participate, but clusters involving sulfuric acid may
be stabilized by electric charge, water vapor, bases such as am-
monia and amines (9–12), and oxidized organics (13–16). The
formation of stable clusters is a distinct critical step in atmo-
spheric new particle formation (3). The stabilizing agents prob-
ably compete for importance in different parts of the atmo-
sphere, depending on their availability (17).
Previous research suggests that oxidized organics may take

part in both particle formation and in subsequent particle growth
from Dp ∼ 1.5 to Dp ∼ 10 nm (15, 18, 19). Their role, however,
remains controversial. Specifically, it is argued that the high
saturation vapor pressure of organics renders them incapable
of condensing onto particles smaller than 3 or 4 nm (20, 21),
whereas other studies suggest that they are, in fact, capable of
doing so (22). Experiments that show clear evidence that organic
acids can combine with sulfuric acid to form initial clusters have
been conducted at concentrations several orders of magnitude
higher than those typically found in the atmosphere. None has
directly measured the composition of the clusters and nano-
particles as they form. There is strong evidence that condensation
of something other than sulfuric acid contributes to accelerating
particle growth from 1.5 nm onward. The most likely candidate is
organic vapors (3, 23–25). Thus far, however, measurements have
failed to resolve exactly how organics participate in new particle
formation or at which particle size their involvement begins (4).
Current research aims at isolating and determining the critical

processes involved in the formation of molecular clusters and
their subsequent growth into particles. Experimental isolation of
these critical processes is challenging, because they involve ex-
tremely low concentrations of participating vapors: sulfuric acid
vapor concentrations [H2SO4] are typically in the range of 106

to 107 cm−3, and, with the exception of water, the stabilizers may
be only slightly more abundant. Few particle formation experiments
have directly measured particle numbers and growth rates in the
critical 1- to 2-nm size range. Even fewer have effectively con-
strained the chemistry (composition) of clusters over that range.
For this study, we used techniques that have emerged only

over the last few years to constrain the composition of nucleating
clusters under ambient conditions (26). The objective was to
establish key composition signatures of the clusters over the
critical 1- to 2-nm size range. These chemical fingerprints of new
particle formation events can then be compared with ambient
observations. The objective was achieved via carefully controlled
particle formation experiments at the Cosmics Leaving Outdoor
Droplets (CLOUD) aerosol chamber at the European Organi-
zation for Nuclear Research (CERN), in Switzerland, during the
CLOUD 4 campaign (SI Text). The CLOUD chamber enables
precise control of experimental parameters and provides the
exceptionally clean experimental conditions that are essential
when performing experiments with extremely low concentrations
of participating vapors.
The oxidation of monoterpenes is an important source of

condensable species (27) that may contribute to the formation
and early growth of atmospheric particles (22, 28). The present
study focuses on one branch of the oxidation chemistry of α-pinene
as a model for the broad class of monoterpenes that are important
in the atmosphere. We used pinanediol (PD, C10H18O2) as a

surrogate first-generation oxidation product of monoterpenes. It
has the advantage of not being attacked by ozone due to its lack of
double bonds, making its oxidation controllable by varying UV
illumination. We also use data from earlier CLOUD campaigns,
examining the role of ammonia (9) and dimethylamine (DMA)
(29), as we develop an extensive set of chemical fingerprints for the
process of new particle formation.

Results and Discussion
A unique aspect of the CLOUD measurements is that they are,
to the best of our knowledge, the first to independently vary and
measure cluster compositions and vapor concentrations over
ranges found in the atmosphere. The focus of this work is to
identify the molecules that form new particles to understand the
mechanism underlying particle formation and initial growth.
Central to this paper is the high-resolution atmospheric pressure
interface time-of-flight (APi-TOF; Tofwerk AG and Aerodyne
Research) mass spectrometer (26), which allows us to constrain
the chemical composition of newly formed and growing molec-
ular ion clusters (see SI Text for more details). Mass spectra are
plotted as mass defect plots, with the exact mass of a compound
on the abscissa and the deviation from the nominal (integer)
mass (i.e., the mass defect) on the ordinate (Fig. 1). Peaks are
plotted as circles with areas scaled by ion count rates. These plots
are especially useful for the diagnosis of growth involving specific
molecules and for diagnosing progressive oxidation of organic
species; each generates characteristic patterns in the mass defect
space, as we shall describe.
The APi-TOF spectra reveal the abundance and chemical

composition of negatively and positively charged ions and ionic
clusters within the CLOUD chamber. Small molecular clusters in
the CLOUD chamber have a lifetime of about 8 min against
their major loss process of collision with the chamber walls.
Therefore there is sufficient time for the charge distribution to
approach steady state (30). We will argue that the composition of
the negatively charged clusters, described here, and that of the
neutral clusters are similar.

New Particle Formation in the CLOUD Chamber in Comparison with
Ambient Observations. Earlier experiments in CLOUD focused on
H2SO4 + ammonia and H2SO4 + DMA systems (Fig. 1 A and B)
(9, 29). The formation and initial growth of clusters was found to
proceed by acid-base interactions. Both systems show a remarkably
similar behavior in the APi-TOF data; the clusters grow with
a H2SO4:base stoichiometry very close to 1:1, becoming slightly less
acidic as they grow (full neutralization of sulfuric acid with regard
to its acidity occurs at a stoichiometry of 1:2). In these negative
ions, the HSO4

− ion serves as a Lewis base, acting as proton ac-
ceptor like the regular bases ammonia and DMA. The preferred
composition thus involves a higher sulfur-to-nitrogen ratio for the
negatively charged case than expected for the electrically neutral
case; e.g., mostly n:(n − 1) for the initial anion clusters in H2SO4 +
DMA systems and about n:(n − 3) in H2SO4 + ammonia systems.
The concentrations of base vapors for these experiments were
nearly always at least 10 times the acid vapor concentration. Thus,
in these systems, cluster growth was rate limited by the arrival of
H2SO4 molecules.
Data from later experiments (Fig. 1C) are strikingly different:

the spectra following SO2 and PD oxidation form broad bands
oriented diagonally from the upper left to lower right, ∼220
Thomson (Th) apart from each other. Each band consists (as
described below) largely of molecular clusters containing oxi-
dized C10HxOy organics (one in the first band, two in the second
band, etc.), an HSO4

− ion, and zero to three additional H2SO4
molecules. Although the succession of bands indicates pro-
gressive addition of C10HxOy molecules, the number of H2SO4
molecules in the clusters increases as well, suggesting that

17224 | www.pnas.org/cgi/doi/10.1073/pnas.1306973110 Schobesberger et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306973110/-/DCSupplemental/pnas.201306973SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306973110/-/DCSupplemental/pnas.201306973SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1306973110


coaddition of organics and H2SO4 occurs without favoring a spe-
cific stoichiometry.
The CLOUD data in Fig. 1 A–Cmay be compared with spectra

observed during new particle formation events at the boreal
forest research station in Hyytiälä, Finland (Fig. 1D). This spec-
trum shows features from all of the investigated systems, as
H2SO4-base clusters are present involving both ammonia and
DMA, although mainly ammonia. However, the vast majority of
the ion signal lies within two bands that resemble the bands in
Fig. 1C, again containing a variety of oxidized organics (28). The
organics have a broader range of carbon numbers than in the
CLOUD data, although C10 is still abundant, as expected in an
environment where oxidation products of monoterpenes domi-
nate the oxidized organics. Within the first band, several in-
dividual C10 molecular formulae observed in CLOUD appear
also in the ambient spectrum. The location of the corresponding
peaks in the mass defect plot confirms that many of these organics
are highly oxidized (see SI Text for details).
Particle formation rates provide an additional constraint on

the formation mechanism when comparing laboratory and field

data (indeed, until now the only constraint). The formation rates
for 1.7-nm particles (J1.7) for both the H2SO4 + DMA (29) and
H2SO4 + organics experiments compare favorably with field
data, with J1.7 ≤ 100 cm−3·s−1 and J1.7 ∼ 10 cm−3·s−1, re-
spectively, at [H2SO4] = 107 cm−3. However, the H2SO4 + am-
monia experiments (9) resulted in particle formation rates at
least an order of magnitude smaller than those observed in the
field under comparable conditions (7, 18, 31). Consequently, the
combination of particle formation rates and cluster chemistry
(Fig. 1) suggests that oxidized organics are involved in the for-
mation of new particles in the observed boreal forest events,
together with H2SO4. Bonds between H2SO4 and bases likely
play a supporting role.

Role of Oxidized Organic Compounds in the Chemical Composition of
Ion Clusters. Elemental compositions could be clearly assigned to
most ions up to the end of band 2 in Fig. 1C. Fig. 2A zooms in on
band 1, revealing that many of the peaks fall on a regular grid
corresponding to ions with the general formula HSO4

− • C10HxOy,
where x (nH) = 12, 14, 16 and y (nO) = 2–12. Signals from these

A B

C D

Fig. 1. APi-TOF mass defect diagrams for negatively charged clusters during new particle formation experiments at the CLOUD chamber (A–C) and in
a boreal forest environment (D). B is adapted from Almeida et al. (29). The ion mass is shown on the x axis (units Th = Da/e); the mass defect (the difference
between the exact mass and the nominal mass) is shown on the y axis. Circle diameters are proportional to (count rates)1/2 (A–C, for proportionality of the
circle areas) or to log10(count rates)2 (D, for better visibility of weaker signals). Colors indicate the composition of certain identified ions; the legends are
shared between all panels. Other identified ions are shown in black. Unidentified ions are shown as open gray circles. Experiments at the CLOUD chamber
show new particle formation and growth for systems including H2SO4 and ammonia (NH3) (A), H2SO4 and DMA (C2H7N) (B), and gas-phase oxidation products
of PD (C), a surrogate for first-generation oxidation products of monoterpenes. Observations during new particle formation in the boreal forest at Hyytiälä,
Finland (D), show both clusters of small bases and sulfuric acid, as well as features broadly consistent with the PD oxidation experiment. Dashed lines are
added as reference (C and D).

Schobesberger et al. PNAS | October 22, 2013 | vol. 110 | no. 43 | 17225

EA
RT

H
,A

TM
O
SP

H
ER

IC
,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306973110/-/DCSupplemental/pnas.201306973SI.pdf?targetid=nameddest=STXT


compounds are shown with yellow-green circles. There is a sec-
ond group of peaks embedded in the band but offset by the
coordinates of H2SO4 (Δx = 97.967 Th, Δy = −0.033 Th), cor-
responding to similar clusters containing an additional H2SO4.
This group is shown with orange-colored circles. Along the top
of the band is a group of similar organics clustered with con-
taminant nitrate (NO3

−) instead of bisulfate (HSO4
−). These

nitrate peaks, shown in purple, reveal strong clustering between
NO3

− and the oxidized organics. These peaks dominated the
anion spectrum at conditions of low concentrations of H2SO4
(<5.8 × 105 cm−3). However, they showed no relation to particle
formation in our experiments. The nitrate peaks will thus be
excluded from the following analysis. Similar clusters formed by
organic compounds and NO3

− or HSO4
− have also been ob-

served in the boreal forest (28).
We characterize the products of PD oxidation via the average

oxidation state of carbon OSC = 2 nO : nC − nH : nC (32),
where nO, nC, and nH are the numbers of oxygen, carbon, and
hydrogen atoms attributed to the organic part of an identified ion
cluster, respectively. Fig. 2B showsOSC vs. nC for the bands (where
nC/10 is effectively the band number or the number of C10 mole-
cules in the clusters). The symbol colors identify the number of
H2SO4 (including the HSO4

−) in each cluster, as before. Beyond

the first two bands, it is not possible to completely resolve sulfur
(mass of 31.97 Da) from two oxygen atoms (total mass of 31.99
Da) when identifying elemental compositions. Moreover, there is
always some ambiguity concerning the location of one oxygen
atom (O), i.e., whether the anion is HSO4

− or HSO5
− (see SI Text

for details). Consequently, the limiting cases for OSC in bands 3
and 4 are shown with colored bars, assuming either a minimum of
one sulfur in all clusters (upper limit for OSC) or a maximum of
four sulfur atoms (lower limit for OSC). The circles between the
bars show the most probable assignments for individual peaks.
Fig. 2B reveals that the smallest clusters contain organics with

a wide range of carbon oxidation states OSC, including extremely
highly oxidized organics (e.g., OSC up to 1 for C10 compounds),
and that both the range of OSC and the average OSC rapidly
decrease as the clusters grow. The average OSC converges to an
asymptotic value near −0.8 as the clusters grow to contain four
organic molecules and up to three sulfur-containing molecules.
This result is consistent with the hypothesis that scarce, but
highly oxidized organics, which possess many oxygenated func-
tional groups, are effective in initially stabilizing bisulfate anions,
whereas subsequent growth is driven by more abundant but less
highly oxidized organic species (SI Text).
The formulae of the dominant elemental compositions for the

PD oxidation products observed in the APi-TOF spectra are not
readily associated with products of known oxidation mechanisms
(e.g., the master chemical mechanism). Moreover, numerous
product molecules participate in the cluster formation and
growth, some with a very high degree of oxidation. Because these
species are observed to condense on small clusters, they are
unambiguously produced in the gas phase, i.e., via gas-phase
oxidation starting with PD. The stepwise appearance of growing
ion clusters suggests that the participating oxidized organics were
typically formed within 5 min from turning on the UV lights. In
Fig. 3, we assess PD oxidation using a model based on the 2D
volatility basis set (2D-VBS) framework, which describes oxida-
tion of organic compounds classified by volatility (log Co on the
ordinate, Co being the compound’s saturation concentration)
and oxidation state of carbon (OSC on the abscissa) (27, 33–35).
Organics are oxidized by OH radicals, forming products dis-
tributed in the (Co, OSC) space. Fig. 3 includes contours for nO
(green) and nH (cyan), intersecting in a region corresponding
roughly to C10 molecules. Specific products might appear at the
intersection points of these contours, but the exact volatility of
these products is not known. Also shown are the location of
PD in this space (yellow circle and structure) and contours that
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Fig. 2. (A) Mass defect diagram for a part of an anion mass spectrum during
a new particle formation event. The composition of oxidized organic com-
pounds can be identified by the exact ion mass, translating to a certain
position in this diagram, as visualized by dashed lines for clusters C10HxOy •
HSO4

−. Color coding follows Fig. 1. (B) OSC = 2#O
#C −

#H
#C for oxidized organics

(CxHyOz) within clusters of the type CxHyOz • (H2SO4)m • HSO4
− (m = 0, 1, . . .),

shown against their carbon atom content. Circle areas are proportional to
ion counts; colors denote different numbers of H2SO4 involved. Rectangles at
#C = 30 and #C = 40 represent lower and upper limits for the OSC of iden-
tified ions assuming one H2SO4 has been misidentified with H2O6 and vice
versa. Large gray squares in the background mark the mean OSC for Cn*10

organics, connected by gray lines to guide the eye.

Fig. 3. Representation of PD oxidation in the 2D volatility basis set.
Organics are classified as ELVOCs, LVOCs, semivolatile organic compounds
(SVOCs), or intermediate volatility organic compounds (IVOCs). PD is shown
with a yellow dot. Isolines are exclusively for C10 compounds, with oxygen
number shown with green curves and hydrogen numbers shown with cyan
curves. Blue contours show functionalization products predicted for first-
generation PD oxidation using the generic OH oxidation kernel; red con-
tours show functionalization products predicted for second-generation
products formed from a distribution of first-generation products weighted
by the blue contours.
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illustrate how the first- (blue contours) and second- (red con-
tours) generation oxidation products spread from the PD start-
ing location, considering only functionalization, i.e., addition
of oxygenated functional groups, while preserving the carbon
number (36). The first-generation products are formed directly
from PD, whereas the second-generation products form from
a distribution of first-generation product classes, weighted by
their yields. Although many oxidation products involve smaller
fragments (nC < 10), especially in the second generation, our
measurements show that C10 species dominate the formation of
small clusters.
Our experimental observations (Fig. 2B) are quantitatively

consistent with the 2D-VBS model. The model predicts that first-
generation products of PD oxidation will fall in the range of
−1.25 < OSC < 0, whereas second-generation products will cover
a wider range of oxidation states with −0.75 < OSC < 0.75.
Generally speaking, organics in the region of the lowest equi-
librium vapor pressures [extremely low volatility organic com-
pounds (ELVOCs), with log Co < −3.5] are the most likely to
condense on very small molecular clusters, whereas organics in
the lower half of the LVOC region (−3.5 < log Co < −0.5) should
be able to drive growth of clusters beyond a certain size (22). We
thus expect, and indeed observe, that highly oxidized second-
generation PD products (ELVOCs) most effectively form stable
complexes with single H2SO4 molecules (evident in the high OSC
for C10 clusters; Fig. 2B) and that somewhat less oxidized, but
more abundant, first-generation products drive the initial growth
of the clusters (evident in the declining average OSC as the
clusters grow). However, it is striking that a fairly broad range of
organic species can participate in cluster formation and growth
(evident in the ranges of OSC observed throughout; Fig. 2B).

Ion Clusters in Comparison with Neutral Clusters. The primary sub-
ject of this study is our experiments in the system of H2SO4 and
oxidized organics. The observed formation rate of 1.7-nm par-
ticles was about 10 cm−3·s−1 at [H2SO4] = 107 cm−3, consistent

with ambient observations. Under those conditions, the forma-
tion rate was only weakly dependent on charge. Also, neutral
new particle formation and growth generally dominates in am-
bient observations within the planetary boundary layer (3, 37).
All experimental data shown here are from negatively charged
clusters. However, the composition of the negatively charged
clusters is likely similar to the composition of the neutral clusters,
particularly for clusters containing oxidized organics and H2SO4.
The first indication of such similarity is the experimental ob-

servation in the CLOUD chamber, which show comparable
growth rates in the 1- to 2-nm size range observed by both the
APi-TOF and condensation particle counters. Condensation
particle counters, such as the particle size magnifier (PSM) (38),
detect both charged and neutral clusters, but agreement with the
APi-TOF includes events dominated by neutral formation and
growth. A PSM with a variable cutoff size was used here to ob-
tain size-resolved number concentrations in the size range of 1–
2.5 nm in mobility-equivalent diameter (3, 39). To compare their
temporal evolution to that of the ion mass spectra, we translate
the ion masses to mobility-equivalent diameters and determine
the appearance times of the ions (SI Text). The appearance times
of all particles and those of negatively charged particles typically
agree within the uncertainties of the method (Fig. 4). This
agreement suggests that the formation and growth mechanisms
of ion clusters are indeed similar to those of neutral clusters. In
these conditions, the observations do not show an enhancement
of growth rate of charged clusters compared with the growth
rate of neutral clusters, contrary to suggestions in other studies
(40, 41).
The second indication results from quantum chemical calcu-

lations. These yield similar structures for neutral and anionic
clusters with the same constituents. In particular in the case of
clusters containing oxidized organic compounds, the oxidized
organic compounds will most likely be acids. Thus, when charging
such a cluster by removal of a proton, the organic acid will
probably stay in the cluster and the composition of the cluster will
be maintained. However, clusters containing the bases ammonia or
DMA will lose some ammonia or DMA when they obtain a neg-
ative charge, due to the generation of an unbalanced bisulfate ion,
which itself is a Lewis base (an electron donor) and competes with
ammonia or DMA (42). Therefore, the number of ammonia and
DMAmolecules in negatively charged clusters is a lower bound for
the number in the corresponding neutral cluster.

Conclusions
Of all of the chemical mixes investigated in the CLOUD chamber,
the system of H2SO4 and oxidized organics described here comes
closest to matching ambient new particle formation events in a
boreal forest, providing strong evidence that such oxidized organics
very likely play a critical role in formation events in the planetary
boundary layer.
The APi-TOF spectra provide important constraints on clus-

tering interactions between H2SO4 and oxidized organics. We
showed that large oxidized organics, some of them highly oxidized,
are produced rapidly from the gas phase oxidation of pinanediol (a
model for first-generation products of monoterpenes) and that,
together with H2SO4, they participate in the initial formation and
growth of ion clusters from the very first step onward. The 2D-VBS
model demonstrates that they can be formed by oxidation of less
oxidized precursors; however, the detailed mechanism driving this
extensive oxidation remains unknown. It is likely that electrically
neutral clusters form and grow via very similar mechanisms. Our
observations are direct experimental proof of the hypothesis that
later-generation products from the gas phase oxidation of volatile
organic compounds, particularly of monoterpenes, contribute to
the formation and growth of atmospheric aerosol.
State-of-the-art experimental techniques allow us to develop the

chemical fingerprints of a gallery of processes suspected of playing

Fig. 4. Appearance times of neutral plus charged clusters from the PSM
(black circles) and of negatively charged clusters from the APi-TOF (blue
circles) and an air ion spectrometer that measures ion mobility directly (AIS,
blue diamonds), for the beginning of an example new particle formation
experiment, initiated by UV illumination. Vertical error bars correspond to
deviations in assumed densities by ±200 kg·m−3 (APi-TOF), the range of
cutoff diameters in instrument calibrations (PSM, ±0.2 nm), or the widths of
size channels (AIS, ±7%). The vertical bars show when the high-voltage
clearing field in the CLOUD chamber was turned off (red) and when the UV
lights in the CLOUD chamber were turned on (purple).
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a role in atmospheric new particle formation. By combining mea-
surements of the chemistry of new particle formation events (com-
position of growing clusters), as shown here, and the physics of the
same events (formation and growth rates), we thus developed the
means for far more specific diagnostics of this important process,
and we moved a decisive step closer to revealing the exact mecha-
nisms by which new particle formation proceeds in the atmosphere.

Methods
The CLOUD facility at CERN is one of the most advanced laboratory envi-
ronments for the study of the formation and initial growth of particles (9). It
provides exceptionally clean and well-defined experimental conditions in
a cylindrical 26.1-m3 stainless steel reaction chamber. Very low concen-
trations of H2SO4, bases such as ammonia and amines, and organics can be
controlled and measured. The chamber is filled with ultrapure N2, O2, H2O,
and O3 and is precisely (±0.01 K) temperature controlled between −65 and
+100 °C. A pion beam can be provided by the CERN Proton Synchrotron to
increase the ion production rate in the CLOUD chamber, and a high-
voltage clearing field can be turned on to rapidly remove any ions to
ensure electrically neutral conditions.

For all experiments at the CLOUD chamber discussed here, the tempera-
ture was 5 °C and the relative humidity was 40%, unless otherwise noted.
SO2 was typically added as a precursor for H2SO4, whereas NH3, DMA, and
other organics were added as needed. OH radicals were formed via UV
photolysis of O3 to oxidize both SO2 to form H2SO4 and organics that form
condensable organic vapors. Fresh gas was continuously fed into the CLOUD

chamber at a rate of around 100 L/min, and an array of instruments sampled
air at the same total rate from the chamber through ports arranged radially
around the chamber. The main subject of this study is data obtained from
the APi-TOF (Tofwerk AG and Aerodyne Research) mass spectrometer as
described in detail by Junninen et al. (26). The data were analyzed using
the latest versions of tofTools, a MATLAB-based software package in de-
velopment by the University of Helsinki.

See SI Text for a more detailed description of the experimental setup
and methods.
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