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Cosmics Leaving Outdoor Droplets Experiment. The Cosmics Leav-
ing Outdoor Droplets (CLOUD) experiment is set up at the
Proton Synchrotron facility at the European Organization for
Nuclear Research (CERN). Practically all data presented in this
study were obtained during June and July 2011, during the so-
called “CLOUD 4” campaign, i.e., the fourth 1- to 2-mo period
of intensive measurements at the CLOUD chamber with the
participation of all partner institutes. The following descriptions
specifically apply to that campaign.
The CLOUD experiment’s center-piece is a 26.1-m3 stainless

steel aerosol chamber. Its temperature can be precisely (±0.01
K) controlled between −65 and +100 °C. The chamber is con-
tinuously filled with ultrapure air (N2 and O2 at a ratio of 79:21
from two cryogenic dewars), H2O (purified and deionized and
added via a Nafion humidifier), and O3 (produced by an all
stainless steel and quartz UV lamp. Additionally, sulfur dioxide
(SO2), ammonia (NH3), and dimethylamine (DMA, C2H7N) are
added on demand from bottles; pinanediol (PD, C10H18O2) is
added on demand after evaporation from a separate solid res-
ervoir. OH radicals are produced from photolysis of ozone by
illumination with UV light from a fiber optic system (1), in
particular leading to the oxidation of SO2 to sulfuric acid
(H2SO4) and to the oxidation of organic vapors. The total fill
rate ranges between ∼100 and ∼140 L/min while an array of
instruments extracts sample air from the chamber at a slightly
lower rate (excess air venting via an exhaust line). The instru-
ments are connected to the chamber via sampling ports that
project into the chamber and are arranged radially around it.
Mixing of the gases in the chamber is driven by two inductively
coupled mixing fans on the bottom and on the top of the
chamber (2). Ionization occurs continuously by natural cosmic
radiation and can be augmented by a pion beam provided by the
Proton Synchrotron (3). An adjustable intensity of pions irradi-
ates the chamber at a rate of one to three spills per minute,
passing through the chamber over a transverse area of about
1.5 × 1.5 m and resulting in a mean total ion pair production rate
between 2.4 (no beam) and 45 cm−3·s−1 (at the usual maximum
available beam intensity). Dilution, ion-ion recombination, and
(mainly) wall loss leads to an ion lifetime in the CLOUD
chamber of >3 min, easily sufficient for the charge distribution to
reach its equilibrium (4). During neutral experiments, a high-
voltage clearing field is turned on to sweep the chamber clean of
ions in seconds; however, all atmospheric pressure interface
time-of-flight (APi-TOF) mass spectra are obtained with the
clearing field off, as the ions are necessary to obtain a signal. The
lifetime of condensable vapors in CLOUD is similar, resulting in
loss rates within the range of condensation sink rates onto am-
bient (background) aerosols typically encountered in the atmo-
spheric boundary layer.
The instrumentation used during CLOUD 4 included a suite of

particle counters and spectrometers that allowed nucleation rates
to be measured over a range from 0.001 to >100 cm−3·s−1. Those
instruments were water- and butanol-based condensation parti-
cle counters with different cutoff diameters >2.5 nm (mobility-
equivalent diameter); diethylene glycol-based condensation par-
ticle counters (5, 6) including particle size magnifiers (PSM) (7),
with cutoff diameters between 1.3 and 2.1 nm; and a scanning
mobility particle sizer (8) for the size range of 10–100 nm. Gas-
phase concentrations of H2SO4 could be measured down to about
105 cm−3 by use of a chemical ionization mass spectrometer
(CIMS) (9, 10). A long path absorption photometer (LOPAP)

(11) or an ion chromatography setup (IC) (12), a proton transfer
reaction mass spectrometer (PTR-MS) (13), and a proton transfer
reaction time-of-flight mass spectrometer (PTR-TOF) (14) were
used together with specially designed sampling systems to measure
concentrations of NH3 (down to 0.2–3.7 ppt; all parts per nota-
tions in this paper refer to volume fractions), DMA (down to 0.2–
1 ppt), and PD (down to 5 ppt, at an accuracy of ±30%). The sum
of all volatile organic impurities was <1 ppb C, as measured by the
PTR-TOF (15). Other instruments measured SO2 and O3 con-
centrations, dew/frost point, UV intensity, temperature, and pres-
sure. An ion mobility spectrometer [airborne neutral cluster and
air ion spectrometer (AIS)] (16) was used for measuring ions of
0.8–40 nm in mobility-equivalent diameters. The main subject of
this study is data obtained from an APi-TOF mass spectrometer
(17), of which two were used: one for ions of negative and one for
ions of positive polarity.

Setup of APi-TOFs at the CLOUD Chamber. Both APi-TOFs were
connected to the chamber via the same sampling port with a
25.4-mm-inner diameter, 0.75-m-long stainless-steel tube (0.35 m
of which extended into the CLOUD chamber). The tube ended in
a Y-shaped flow splitter, splitting the flow at an angle of 45°. A
flow of 22 L/min was drawn from the chamber, splitting into two
flows of 11 L/min toward each APi-TOF; 10 L/min out of these
11 L/min were then drawn toward the orifice of the APi-TOF’s
inlet via a 30-cm-long tube (10 mm outer diameter, 8 mm inner
diameter) that stuck straight into the Y-splitter.
Here, we present only the results from the negative-ion APi-

TOF because thus far the results obtained are more complete for
this case, and they were usually of higher mass accuracy and
signal-to-noise ratio. The higher quality of the data for negatively
charged ions was due to differences in the two APi-TOFs and
their respective tunings.

APi-TOF. The APi-TOF measures the mass-to-charge ratio of
ambient ions of either positive or negative polarity. The in-
strument is built and developed by Tofwerk AG and Aerodyne
Research. Sampling occurs through a critical orifice directly from
atmospheric pressure, drawing a sample flow of 0.8 L/min. The
sampled ions are then focused and guided by two quadrupoles and
an ion lens assembly in three separate differentially pumped
chambers, finally passing into the time-of-flight mass spectrom-
eter, where the pressure is reduced to 10−6 mbar. Note that no
ionization of the sample was performed in the used setup, so
only ions charged in the CLOUD chamber were detected.
Data were averaged and recorded every 5 s. A mass accuracy of

<10 ppm could be achieved, i.e., the expected relative error is
less than 10−5 of the mass-to-charge ratio; the resolving power
was 5,300 Thomson (Th)/Th, i.e., the peak width at half maxi-
mum is less than 1/5300 of the mass-to-charge ratio, for the set-
tings used (in single-reflection mode). The mass spectrometer’s
duty cycle period was adjusted to give a maximum observable
mass-to-charge ratio of about 3,294 Th. We found that the APi-
TOF detected only singly charged ions in all our experiments at
CLOUD; therefore the unit Th could also be thought of as unified
atomic mass unit or Dalton.
The detection efficiency of the APi-TOF is governed by its ion

transmission efficiency, i.e., the ratio between the number of ions
detected in the mass spectrometer and the number of ions
reaching the APi-TOF’s inlet. It is a function of mass-to-charge
ratio (or mass, assuming only singly charged ions) and dependent
on the voltage settings in the APi’s ion guidance elements. We
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established the transmission efficiency function in separate lab-
oratory experiments, using a high-resolution differential mobility
analyzer (18) to select ammonium sulfate clusters of certain
sizes, and a TSI 3068B electrometer to measure ion concen-
trations in parallel to the APi-TOF. In our case, the values of the
transmission efficiency function reached from 0.5% at 140 Th,
up to 2.3% at 1,100–1,400 Th, and then down to 1% at 2,300 Th
(relative uncertainties, 23%). A more general discussion on
transmission efficiency can be found in works by Junninen et al.
(17) and Ehn et al. (19).
Some fragmentation of sampled ions occurred inside the in-

strument. The principal manifestation was the near total absence
(with some exceptions at sufficiently high relative humidity) of any
water clustered with, for instance, sulfuric acid ions. Obviously,
the binding of water to sulfuric acid is too weak to survive col-
lisions in the APi-TOF. The observations presented here, how-
ever, prove that many large molecular clusters can be detected;
the vapor pressure of water is many orders of magnitude greater
than that of any other species in the clusters. Also, instrument
comparisons between the APi-TOF and ion mobility spec-
trometers demonstrated a good agreement within instrument
precisions, showing that most of the APi-TOF signal can mostly
not be only fragments of much larger ions (19). Same compar-
isons between the APi-TOF and the AIS were performed for
measurements at the CLOUD chamber and produced similar
results. Finally, combined results from diverse measurements
and comparisons to evaporation rates derived from quantum
chemical simulations lead us to estimate that the critical evap-
oration rate (above which we face severe fragmentation) is
around 101.5 (±1) s−1. As reference, C2H7N • H2SO4 • HSO4

− is
not detected and has a calculated evaporation rate (for losing
C2H7N) of 2.2 102 s−1. On the other hand, NH3 • (H2SO4)3 •
HSO4

− is detected (although possibly subject to some evapora-
tion), and NH3 is calculated to evaporate from this cluster at
a rate of 1.1 101 s−1.

Setup of the APi-TOF at the Boreal Forest Site in Hyytiälä, Finland.
The same negative-ion APi-TOF was deployed also at the Station
for Measuring Ecosystem-Atmosphere Relations (SMEAR II)
(20), located within the boreal forest, in Hyytiälä, Finland. The
site is mainly surrounded by Scots pine (Pinus sylvestris L.).
Specifically, data were used from new particle formation event
days during spring 2011. The event on April 19, 2011, was chosen
for presentation in this study (Fig. 1D; Fig. S2; Table S2), be-
cause it was one of the events that had a very uniform air mass
passing over Hyytiälä during the whole time of new particle
formation, resulting in a clean dataset.
The APi-TOF was situated inside a container in the forest,

directly sampling ambient air in a setup similar to that used at the
CLOUD chamber. The main difference was that instead of the
long 25.4-mm-wide sampling tubing, we could use a shorter and
wider straight tube (40 mm inner diameter), through which
ambient air was sucked in. The same 30-cm-long tube (10 mm
outer diameter, 8 mm inner diameter) used in the CLOUD setup
was located concentrically, sampling from inside that wider tube
and drawing 5 L/min toward the APi-TOF’s orifice. The wider
tube sampled ambient air at a large flow that was adjusted to
optimize transmission of ions from the ambient into the orifice.
It is important to note that the voltage settings in the APi’s ion

guidance elements were different from those settings used at the
CLOUD chamber. These different settings led to differences in
the ion transmission efficiency function, relevant for the com-
parison of ion spectra presented in Fig. 1. Specifically, due to the
settings of the APi-TOF in the field measurements, the trans-
mission of heavier ions was less efficient for the spectrum in Fig.
1D than in the CLOUD experiments, resulting in a weakened
second band and possibly explaining the absence of further bands
at higher masses.

Determination of Elemental Compositions.The raw data obtained by
the APi-TOF consists of ion counts vs. time-of-flight. The ion
signal appears as peaks in a spectrum, the time-of-flight being
related to mass and therefore characteristic of a certain elemental
composition. Due to the natural abundance of isotopes, practi-
cally every elemental composition does not only show up as
a single peak, but creates a pattern of peaks in the spectrum. Both
these isotopic patterns and the masses of ions are used to identify
the elemental compositions of the detected ions.
The data were analyzed using latest versions of tofTools,

a MATLAB-based software package being developed by the
University of Helsinki, and originally described by Junninen et al.
(17). The software package has since seen extensions and im-
provements, a more recent description of its use was given by
Ehn et al. (21). Our analysis proceeded in a similar manner. The
data analysis with tofTools involves four main steps: step 1, av-
eraging raw signal in time; step 2, converting from time-of-flight
to mass/charge; step 3, identifying the elemental compositions of
the detected ions; step 4, fitting all peaks in the spectrum using
the so-called peak list obtained in the previous step plus a list of
additional peaks to account for the unidentified remaining part
of the spectrum. Because step 3 (the peak identification) relies
mainly on the exact mass of the measured peaks, the most critical
step above is step 2, commonly referred to as the mass calibration.
A satisfactory mass calibration was achieved by applying the con-
version of the measured time t to mass/charge m

Q in the shape of

m
Q
=
�
t− b
a

�p

; [S1]

where a, b, and p are free parameters for a fit using at least four
so-called calibration peaks, i.e., pairs of t (obtained from mea-
sured peaks) and m

Q (calculated). Obviously, this requires confi-
dence in the elemental compositions underlying at least four
peaks. Our experiments practically always involved compounds
that would produce well-known peaks in the negative ion spec-
tra, especially ions associated with the oxidation of SO2 to
H2SO4. Therefore, at least in the mass/charge range from about
50 to 300 Th, well-resolved calibration peaks were always avail-
able. Ideally, the mass calibration should be performed with
calibration peaks covering the whole area of interest, particularly
up at larger mass/charge ratios. Therefore, steps 2 and 3 were
iterated to gradually include more calibration peaks at larger
mass/charge ratios.
The process of peak identification was relatively simple for the

H2SO4 + NH3 and the H2SO4 + DMA systems (Fig. 1 A and B),
as all larger ions were mainly clusters involving just these three
compounds. For the system of H2SO4 + organic products of PD
oxidation, the spectra were more complex (Fig. 1C) and involved
a wide variety of oxidized organics. The peak identification was
accordingly more challenging (Fig. S1). The higher the mass/
charge ratio, the more elemental compositions were conceivably
able to explain a certain peak (or pattern of peaks) in the
spectrum, and the more choices had to be made between equally
well-fitting elemental compositions. Choosing between equally
well-fitting compositions required some form of educated
guessing or prejudice. The first such prejudice was to exclude all
those elemental compositions that were not sensible (e.g., for
a peak at 194.928 Th, neither C7HS3N

− nor CH7O3S4
− is sen-

sible, whereas H3O8S2
− = H2SO4 • HSO4

− is sensible). In cases
when there was still more than one elemental composition that
could explain a certain peak, a decision was made based on
which candidate compound was chemically most in line with
previously identified compounds in the spectrum. Candidate
compounds that could be built from smaller, previously identi-
fied compounds were given preference as well. For instance,
C10H16O2 • H2SO4 • HSO4

− was given preference over
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C13H14O6 • HSO4
− (9 ppm difference) for both those reasons.

The former compound had been found also without the
H2SO4, whereas the latter would have implied double bonds
that had not been needed to explain smaller, already identi-
fied compounds. Finally, for peaks that contained signal from
multiple compounds, solutions were preferred that could
fit the peak with the smallest possible number of different
compounds.
The certainty of peak identifications is hard to quantify, par-

ticularly for the more complex spectra obtained for the system of
H2SO4 + oxidized organics. Obviously, the confidence of a cor-
rect identification of a compound increases with its abundance.
The absolute mass/charge accuracy decreases with increasing
mass/charge, whereas the number of fitting compositions in-
creases. The procedure of carefully assigning elemental compo-
sitions to peaks in the spectrum, as outlined above, only worked
up to about 700 Th for the complex spectra, i.e., up to and in-
cluding the second band in the mass defect plots (Fig. 1C). For
peaks at higher mass/charge, only the most prominent peaks
were tentatively identified, mostly assuming that they contained
30 carbons (in the third band) or 40 carbons (in the fourth band).
We assumed that the major contributions in the bands are made
by compounds containing multiples of 10 carbon atoms. This
assumption was plausible, given the more certain identifications
made in the first two bands, plus the appearance of clear equi-
distant bands in the spectra. Undoubtedly, however, other
compounds (containing for instance C29 or C39) were involved as
well, and errors may have been introduced into the results we
obtained for the third and fourth band. The average results for
the average oxidation state of the carbon OSC (22) are, however,
robust against those uncertainties for the main peaks in the third
and fourth band. The minimum and maximum OSC values that
could be consistent with the data are indicated by colored rec-
tangles in Fig. 2B.

Tentative Assignments of Compositions in the Case of New Particle
Formation in the Boreal Forest. The determination of elemental
compositions that underlay the peaks in the signal was consid-
erably more challenging for mass spectra obtained from the
ambient, as presented for the case of new particle formation in
a boreal forest environment (Fig. 1D). The assignment of com-
positions as described above was possible for peaks that stood
out by an uncommon mass defect. Such situation occurred in the
case of clusters containing mainly sulfuric acid, leading to
a lower mass defect than the majority of the signal. Further as-
sisting their identification was the observed spacing of such
peaks, corresponding to varying numbers of H2SO4, NH3, or
amines. Assignments of elemental compositions to other peaks
were only possible for a few that stood out by a large signal and
were reported previously (21, 23). The reasons for the difficulties
in assigning compositions in these cases are the much poorer
signal-to-noise ratio compared with the laboratory experiments
and the much larger chemical diversity in the ion population in
the boreal forest environment, the latter reason additionally
leading to widened peaks in many cases. For both reasons, we
found the mass resolving power of the APi-TOF too low to re-
veal the exact chemical compositions of most of those peaks
presented as unidentified in Fig. 1D. However, the position of
these unidentified peaks on the mass defect diagram alone
strongly suggests that their main constituents are a range of or-
ganics, oxygenated at varying degrees (cf. Fig. 1D with Figs. 1C
and 2A).
To elaborate on this, we took the list of elemental compositions

identified in the laboratory experiments and tried to assign them
to peaks in the ambient mass spectrum, whenever these com-
pounds would theoretically be able to explain those peaks. Note
that this is not an identification of peaks, but merely a checking for
detailed matches between data from the laboratory and the field

experiments. In particular, toward larger mass-to-charge ratios,
more and more peaks are too wide and noisy to be unambiguously
explainable by the compounds identified in the laboratory envi-
ronment. The results of this matching illustrate, at least for the
first band, which kinds of composition probably underlie those
unidentified peaks (Fig. S2). As expected from their position
on the mass defect diagram, these compositions are organics,
oxygenated to varying degrees, mostly clustered with NO3

− or
HSO4

−, similar to the experiments with PD.

Conversion of Mass to Mobility-Equivalent Diameter and Comparison
with Other Instruments. APi-TOF data were compared with data
from condensation particle counters, which had cutoff sizes that
were calibrated at certain mobility-equivalent diameters. There-
fore, ion masses mp had to be converted to mobility-equivalent
diameters dp, according to Ehn et al. (19)

dp =

 
3

ffiffiffiffiffiffiffiffiffi
6mp

πρ

r
+dg

! ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1+

mg

mp

r
; [S2]

where ρ is the density of the ion, mg is the mass of a carrier gas
molecule (28.8 Da), and dg is the diameter of a carrier gas mol-
ecule, chosen to be 0.3 nm (24). Densities of 1,840 kg/m3 were
assumed for ions containing sulfuric acid only, and densities of
1,400 kg/s were assumed for clusters containing oxidized organ-
ics. The former value is the bulk density of sulfuric acid; the
latter value was chosen between the value for cis-pinonic acid
(1,230 kg/s) (25) and values for more highly oxidized organics
(e.g., 1,660 kg/s) (19). True densities are of course unknown and
likely cannot even be properly defined for single molecules or
small clusters. However, the sensitivity of dp to the density is
relatively small, as can be seen from error bars shown for as-
sumed deviations of ±200 kg/s (Fig. 4).
For the comparison of the temporal evolution of ion mass

spectra obtained from the APi-TOF with the size distributions
obtained from other instruments, we determined the appearance
times of the ions. The appearance time is a characteristic time of
the increase of an ion’s count rate from one steady-state value to
another, due to an increase in UV illumination or ionization
rate. We defined it as the time when the increase of an ion’s
count rate was 50% of the total increase. By their appearance
times, we could observe the growth of negatively charged clusters
and compare it to the growth as observed by the PSM or AIS
(Fig. 4). Like all condensation particle counters, the PSM
measures number concentrations of clusters or particles larger
than a calibrated cutoff size, detecting both charged and neutral
clusters. During our experiments, a PSM with a variable cutoff
size was used to obtain size-resolved number concentrations. Its
data were converted to obtain number concentrations for nine
mobility-equivalent diameters in the range of 1–2.5 nm. Also
shown in Fig. 4 are appearance times for negative ions obtained
from the AIS. The AIS measured the mobility of ions directly
and confirms the general validity of the conversions applied to
the APi-TOF data (Eq. S2).

Detailed Discussion of the Signals from Oxidized Organics. During
our nucleation experiments with PD present in the chamber, most
of the ion signal consisted of oxidized organic compounds con-
taining 10, 20, 30, or 40 C atoms. Most of the observed oxidized
organics therefore retained the 10 C atoms of the precursor
molecule PD (C10H18O2), whereas the larger compounds were
conceivably mainly combinations of two to four such oxidized
organics. A wide range of C10-organics was detected. The
vast majority either clustered with nitrate (NO3

−), HSO4
− or

(H2SO4)1–2 • HSO4
− and was of the composition C10H12/14/16O1–

12 (Fig. S3). The most abundant of these in the mass spectra were
C10H16O3, C10H14O5/6/8/10 and C10H12O8 (Table S1). The first in
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this list, C10H16O3, was conceivably pinonic acid, whereas the
chemical identity of the other C10-organics remained unclear.
We commonly found some correlations between the counts of

specific organic compositions associated with either the NO3
− or

HSO4
− ion; e.g., during an exemplary experiment (Fig. S3A),

C10H14O8 and C10H14O10 are more abundant than C10H14O7
and C10H14O9 in the observed clusters, with either the NO3

− or
the HSO4

− ion. Such correlations support our assertion that
these peaks are indeed NO3

− and HSO4
− clustered with C10

organic molecules. For the dominant case of C10-organics clus-
tered with HSO4

−, there is also always some ambiguity as for the
location of one O, i.e., whether the anion is actually HSO4

− or
HSO5

−. We cannot resolve this ambiguity directly, but the cor-
relations with NO3

−-containing clusters suggest it is at least
mostly HSO4

−.
In much of the analysis in the main text, we excluded clusters

between NO3
− and oxidized organics (OxOrg • NO3

−), mainly
for clarity (Fig. 2B). However, this exclusion was also motivated
by the observation that these clusters did not by themselves show
a direct relationship with nucleation in our experiments. We also
performed some experiments also in the practical limit of no
H2SO4 in the chamber (about 105 cm−3). Under those con-
ditions, ion clusters of the shape OxOrg • NO3

−, dominated the
anion APi-TOF spectra, whereas clusters containing HSO4

− or
H2SO4 were absent. At the same time, no measurable new
particle formation was observed. We therefore concluded that
H2SO4 was a required part of the nucleation mechanism including
OxOrg from the oxidation of PD, whereas those OxOrg alone,
detectable also as OxOrg • NO3

−, would not nucleate.
The NO3

− ions themselves likely originated from nitrogen
dioxide (NO2), and formed in a similar manner as in the tro-
posphere: either by ion reactions (26) or by deprotonation of
nitric acid (HNO3), which in turn can be formed by NO2 reacting
with an OH radical. NO2 itself was probably present in the
CLOUD chamber as a contaminant. As the conjugate base of
HNO3, a strong acid, NO3

− is a very stable negative ion.
Relative counts from selected organics, as well as what inorganic

molecules and ions they are found clustered with, changed with
changing experimental conditions. At higher concentrations of
H2SO4, more H2SO4 was present in the clusters, and HSO4

−

gained over NO3
− as the charge carrier (Fig. S3). Both at higher

concentrations of H2SO4 (and SO2) and at higher concentrations
of PD, more signal was obtained from relatively less oxidized
organics. These observations suggest that less oxidized organics
were more abundant than highly oxidized organics, and that the
highly oxidized organics are very efficient in the first clustering
step, i.e., the clustering with HSO4

− or NO3
−. The former result

follows directly from assuming that the oxidized organics are
formed by oxidation from PD by OH. The latter result underlines
the high probability of the HSO4

− and NO3
− ions forming

a highly stable cluster with highly oxidized organics upon colli-
sion. NO3

− especially was found preferentially clustered with
relatively highly oxidized organics (OSC ≥ −0.6; Fig. S3; Table
S1). Similarly, relatively highly oxidized C10-organics (0 < OSC <
1.2) were previously reported after the oxidation of α-pinene
using an APi-TOF together with chemical ionization of the
sample by NO3

− (21).
There was always a tendency for a higher number of sulfur

atoms (S) in clusters with the less highly oxidized organics (Fig.
2B), probably again because those organics were more abundant
than the more highly oxidized organics. Under typical experi-
mental conditions, ion clusters grew mainly by the stepwise ad-
dition of C10-organics, resulting in bands in the mass defect plots
(Fig. 1C). The average OSC decreased during growth, whereas
the average number of S increased (Fig. 2B). In average, about
one H2SO4 molecule was added to a cluster for every two C10-
organics. With a mass of about 230 Da for a typical C10-organic and
98 Da for a sulfur-containing molecule, the organic mass fraction

of the growing clusters increased from 70% to 79% in the range
of clusters containing from 10 to 40 C, corresponding to a range
of mobility-equivalent diameters from 1.3 to 1.7 nm. Therefore,
for these conditions, organics dominated in terms of mass (and
volume) fraction of newly formed particles from the very first
steps onward. Even in these initial clusters, the organic mass
fraction, therefore, lay at the upper end of the range of organic
mass fractions commonly observed in ambient submicron aerosol
(27, 28).
The average OSC decreased from −0.3 at 10 C to −0.8 at 40 C,

implying that, on average, more highly oxidized organics are
found in the first step of clustering with the bisulfate anion (first
band), whereas the contribution of less highly oxidized organics
increases in each subsequent step. Therefore, several combina-
tions of C10-organics are consistent with this observation of
growth from 10 C to 40 C, but not all combinations; e.g., the
observations imply that a maximum of one C10-organic with
OSC ≥ 0.6 (i.e., extremely highly oxidized) can be part of any
observed growing cluster, because OSC is smaller than 0.6 for
C20-organics (Fig. 2B) and even smaller for larger clusters.
Our typical experimental conditions involved relatively high

PD, minimal NH3 or DMA, and modest H2SO4, namely [PD] =
3.7–16.4 ppb, [H2SO4] = 1.8–2.3 106 cm−3, [DMA] < 1 ppt,
[NH3] < 2 ppt. Corresponding calculated concentrations of
all oxidized organics were 0.5–2.4 108 cm−3. However, varying
conditions did lead to changes in the results.
The mass defect plots during new particle formation experi-

ments changed markedly with changes in experimental conditions
(Fig. S4). The APi-TOF measures ions produced in the chamber,
so the total ion signal of the spectra was roughly constant for
a given ion production rate (i.e., as provided by galactic cosmic
rays or augmented by the CERN pion beam). At constant
[H2SO4], the band structure showed a clear dependence on the
PD concentration (Fig. S4 A–C), confirming that the larger
bands containing multiple organic molecules became relatively
more abundant as more PD was oxidized. Increasing [H2SO4],
on the other hand, caused the first band to contain on average
more H2SO4 (Fig. S3B), and the overall intensities of the bands
as perceived in the mass defect plot were suppressed, in partic-
ular for higher bands.

Molecular Structures of the Observed Oxidized Organics. Note that
the exact identities of the observed oxidized organics, i.e., their
molecular structures, have to remain speculative, because we
cannot obtain direct information on these structures. However,
a highly oxidized C10-molecule, containing 6–12 oxygen atoms,
almost certainly involves multiple functional group types. Spec-
ulations over which functional groups may be able to produce
the observed oxygen-to-carbon and hydrogen-to-carbon ratios
include carbonyl, (double) hydroxyl, peroxy, and carboxyl groups
(21). Recent quantum chemical studies have focused on C8 to
C10 poly acids with additional functional groups and showed that
multiple polar functional groups enable certain organics to form
stable clusters with sulfuric acid that are capable of continued
growth (29). The stability of the simulated clusters is provided by
strong hydrogen bonds, with the presence of additional hydro-
gen-bonding sites facilitating subsequent growth to larger stable
clusters.

Details on the Experimental Conditions of Data Shown. Here and in
the main text, data are shown from a representative selection of
a total of eight nucleation experiments at the CLOUD chamber,
plus data from an ambient new particle formation event observed
in Hyytiälä. The eight chamber experiments varied most im-
portantly in terms of concentrations of PD, H2SO4, NH3, and
DMA. Relevant experimental parameters are summarized in
Table S2.
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Fig. S1. A small part of the spectrum shown in Fig. 1C, as an example of the result of peak fitting following peak identification. Data are shown as a black line,
the mass of the primary isotopes of identified compounds (vertical lines) plus corresponding fits are shown in green, and secondary isotopes are shown in
yellow. The blue line is the sum of all fits, which was optimized in the fitting procedure to fit the black line. Labels tell our interpretations of the elemental
compositions we found. The rightmost peak is an example for a peak that contains signal from multiple compounds. Identified compounds are listed in the
order of observed abundance.
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Fig. S2. APi-TOF mass defect diagrams for negatively charged clusters during new particle formation in a boreal forest environment; same data, axes, and
circle diameters as in Fig. 1D. In addition to Fig. 1D, ions likely composed mainly of oxidized organics are colored according to which elemental compositions
that have been identified from laboratory experiments with PD (compare Fig. 1C) theoretically match the signals observed during new particle formation in
the boreal forest.
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Fig. S3. Counts obtained from the majority of C10-organics during two exemplary new particle formation experiments for the system of H2SO4 and oxidation
products of PD: C10H18O2. The two runs differ mainly by the concentration of sulfuric acid [H2SO4]: (A) [H2SO4] = 2.1 106 cm−3, [PD] = 3.7 ppb; (B) [H2SO4] = 1.6
107 cm−3, [PD] = 4.3 ppb. The organics are of the form C10H12/14/16O1–12. Colors encode what these organics were found clustered with, i.e., the inorganic part of
the ion cluster, according to our attributions of elements. For instance, C10H16O3, likely pinonic acid, was found in the forms or C10H16O3 • (H2SO4)0–2 • HSO4

−

(yellow to red), but not clustered with NO3
− (purple).

Fig. S4. Changes in the anion spectra during new particle formation in the CLOUD chamber, in the PD oxidation products + H2SO4 system, at different
conditions regarding measured concentrations of PD. 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. The different conditions presented are (A) for very low
[PD] conditions, [PD] = 100 ppt, [H2SO4] = 3.1 106 cm−3; (B) for low [PD] conditions, [PD] = 140 ppt, [H2SO4] = 1.9 106 cm−3; (C) for standard [PD] conditions, [PD] =
3.7 ppb [H2SO4] = 2.1 106 cm−3. All experiments were done at background concentrations of NH3 and DMA, i.e., below the respective detection thresholds of 4
and 1 ppt.
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Table S1. List of the 10 most abundant organic compounds found in anions during three
representative new particle formation experiments for the system of H2SO4 and oxidation
products of PD (C10H18O2)

Organic
compound

Relative count rates (104)

• HSO4
− • (H2SO4)≥1 • HSO4

− • NO3
− Total

C10H16O3 80 ± 16 41 ± 20 <1 121 ± 32
C10H14O10 59 ± 32 0 44 ± 45 103 ± 27
C10H14O6 51 ± 17 38 ± 10 1 ± 1 90 ± 23
C10H14O8 44 ± 13 7 ± 2 20 ± 12 70 ± 18
C10H12O8 49 ± 23 21 ± 11 0 70 ± 20
C10H14O5 31 ± 7 36 ± 10 1 ± 1 68 ± 16
C20H32O9 39 ± 19 11 ± 6 30 ± 19 80 ± 17
C20H32O12 42 ± 16 2 ± 1 17 ± 10 61 ± 17
C20H30O14 36 ± 17 4 ± 6 20 ± 20 60 ± 15
C20H32O11 27 ± 11 5 ± 0 20 ± 18 53 ± 12

Shown are the mean values of count rates that were normalized to total count rates to compensate for
varying total ion concentrations. Data from three experiments are used, covering the cases of medium [PD]
(3.7 ppb) and [H2SO4] (1.8–2.3 106 cm−3), high [PD] (16.4 ppb) at medium [H2SO4] (2 106 cm−3), and medium [PD]
(4.3 ppb) at high [H2SO4] (1.6 107 cm−3). Corresponding calculated concentrations of OxOrg were 0.5–2.4 108 cm−3.
The number following the ± sign are the SDs of the three count rates each used to calculate the mean values. No
correction was applied for variations in transmission efficiency with mass/charge, which could be neglected for
the purpose of this summary. (Transmission increased approximately linearly with mass/charge in the ranges
relevant here, with variations <48% within clusters containing C10-organics and <34% within clusters containing
C20-organics.)

Table S2. Experimental parameters for the eight experiments at the CLOUD chamber selected to be shown in this study, plus
corresponding information on the conditions during the selected ambient new particle formation event that was observed in
Hyytiälä

Figures
Run

number/time
[NH3]
(ppt)

[DMA]
(ppt)

[H2SO4]
(cm−3)

[PD]
(ppb)

[SO2]
(ppb)

Temperature
(°C)

Relative
humidity (%) UV (%)

Ion
production*

1A 291.03 697 <0.1 1.5 × 108 — 18.9 18.9 40 20 + Beam
1B 437.032 <2 29 4.3 × 106 — 2.7 4.9 40 100 GCR only
1C, 3, S1,

S2A, S3C
536.01–
536.06

<2 <1 1.8–2.3 × 106 3.7 1.3 5 40 0–100 + Beam

†1D 19.4.2011,
8:00–12:00

130‡ <1 7.3 × 106 not
applicable

0.6 1–5 55–35 not
applicable

Natural

2, 3 503.01 <2 <1 2.0 × 106 16.4 1.8 4.1 41 100 GCR only
4 509.01 <2 <1 3.1 × 106 21 4.2 4.9 40 100 GCR only
S2B 548.04 <2 <1 1.6 × 107 4.3 14.7 4.9 39 100 + Beam
S3A 525.01–

525.02
<2 <1 3.1 × 106 0.1 2.7 4.9 41 9–2 Partly + beam

S3B 527.03 <2 <1 1.9 × 106 0.14 1.3 5 40 8 + Beam

*Ions in the CLOUD chamber were produced either only by naturally occurring galactic cosmics rays (GCR), or additionally by a pion beam. Ions in Hyytiälä were
produced by naturally occurring radiation.
†Ambient new particle formation event observed in Hyytiälä (in italic).
‡[NH3] in Hyytiälä was measured by a monitoring instrument for Aerosols and Gases (MARGA).
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