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Nucleation and growth of aerosol particles from atmospheric va-
pors constitutes a major source of global cloud condensation nu-
clei (CCN). The fraction of newly-formed particles that reaches CCN
sizes is highly sensitive to particle growth rates, especially for par-
ticle sizes below 10 nm where coagulation losses to larger aerosol
particles are greatest. Recent results show that some oxidation prod-
ucts from biogenic volatile organic compounds are major contribu-
tors to particle formation and initial growth. However, whether oxi-
dized organics contribute to particle growth over the broad span of
tropospheric temperatures remains an open question, and quantita-
tive mass balance for organic growth has yet to be demonstrated at
any temperature. Here, in experiments performed under atmospheric
conditions in the CERN CLOUD chamber, we show that rapid growth
of organic particles occurs over the range from -25°C to +25°C. The
lower extent of auto-oxidation at reduced temperatures is compen-
sated by the decreased volatility of all oxidised states. We could re-
produce the measured growth rates using an aerosol growth model
based entirely on the experimentally-measured gas-phase spectra of
oxidized organic molecules using two complementary mass spec-
trometers. We show that the growth rates are sensitive to particle
curvature and display a clear acceleration as the particles increase in
size, corresponding to a Kelvin diameter of 4.84+-0.8 nm at 300 K, ex-
plaining widespread atmospheric observations that particle growth
rates increase in the single-digit-nm size range. Our results demon-
strate that organic vapours can contribute to particle growth over
a wide range of tropospheric temperatures from molecular cluster
sizes onward.

aerosol particles | nanoparticle growth | atmospheric aerosol formation
| CERN CLOUD experiment

The global budget of cloud condensation nuclei (CCN) has a
significant impact on the Earth’s radiative balance, as it affects
the albedo and the lifetime of clouds. New particle formation
by gas-to-particle conversion is the largest source of CCN (1).

www.pnas.org/cgi/doi/10.1073/pnas. XXXXXXXXXX

Especially the early steps of particle growth between 1-10 nm
determine the survival chance of freshly formed particles and
therefore their climatic relevance (2, 3). The major vapours
driving particle growth are sulfuric acid and, maybe more im-
portantly, low volatility organics resulting from the oxidation
of volatile organic compounds (VOCs) (4). Monoterpenes are
an important class of atmospheric VOCs with copious emis-
sions from vegetation (5). They are quickly oxidized in the
atmosphere and through a subsequent auto-oxidation process
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rapidly form highly oxygenated molecules (HOMs), which con-
stitute a large source of low-volatility species in the atmosphere
(6). Recent studies have shown that HOMs from the ozonolysis
of the predominant monoterpene a-pinene are able to form
(7) and efficiently grow particles from cluster sizes onward (8).
Model simulations suggest that they are major contributors
to particle formation on a global scale (9). Moreover, the
impact of HOMs on initial particle growth might explain the
observations of accelerating growth rates between 1-10 nm
during particle formation events (10) by a multi-component
Kelvin effect (8, 11), also known as nano-Kohler theory (12).
This is because HOMs span a wide range of volatilities (13)
and, with increasing particle size, more and more low-volatile
species can contribute to the growth process.

In contrast to sulfuric acid in combination with ammo-
nia or amines, where growth proceeds close to the kinetic
limit (14), the characteristics of growth driven by organics
are governed by the resulting volatilities of the wide variety
of oxidation products. Therefore, temperature likely plays a
decisive role as the saturation concentration has a steep expo-
nential temperature-dependence as described by the Clausius-
Clapeyron relation. Additionally, a recent study has shown
that temperature crucially influences the chemical composition
of the initially formed molecular clusters in a-pinene ozonolysis
(15). Therefore, the contribution of biogenic organics to new
particle formation might be strongly sensitive to temperature.
This, in turn, may significantly influence the importance of
new particle formation at high altitudes (16) and in outflow
regions of deep-convective clouds, e.g. over the Amazon Basin
(17-19).

Here we investigate in the CLOUD chamber (20) the effect
of temperature on the production of oxygenated molecules
and subsequent particle growth from dark a-pinene ozonolysis
at three different temperatures (-25°C, +5°C, and +25°C)
for various precursor concentrations. The resulting volatility
distributions are inferred by combining two types of chemical-
ionisation high resolution mass spectrometers (21, 22) using
different ionization techniques in order to obtain a detailed
representation of the gaseous oxidation products. Together
with the precision measurement of particle growth rates (23)
this allows identification of the underlying processes and their
temperature dependence responsible for initial growth in bio-
genic ozonolysis systems (See Methods for details about the
experimental setup, measurement procedures and used instru-
mentation).

Results

Observed gas phase mass spectrum. Fig.1 shows mass defect
plots from the Nitrate-CI-APi-ToF (Nitrate-CI) (21) and the
PTR3-ToF (PTR3) (22) during three representative exper-
iments at three different temperatures. For all three cases,
we averaged the observed gas-phase concentrations C" over a
period where comparable particle growth rates are measured
with a DMA-train (23) and the a-pinene ozonolysis rate is
similar with [k(T) - ap - O3] ~ 1.4 — 2.0 - 10%cm™3s™ .

The mass defect plots for all temperatures show the typical
pattern of HOMs (8). Two bands can be identified, one repre-
senting monomers (n¢=6-10, 100-400 Th) and one representing
dimers (nc=16-20, 400-600 Th); molecules with increasing
oxidation state are found towards the lower right of the panels.
Apparently, the PTR3 introduces more than 200 previously
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Fig. 1. Mass defect of all measured neutral oxidized organic compounds versus
the nominal mass to charge ratio of three representative experiments, at +25°C (A),
at +5°C (B) and at -25°C (C), all with a similar a-pinene ozonolysis reaction rate.
Diamonds represent molecular ions measured by the PTR3 and circles compounds
measured by the Nitrate-Cl, both taking the different reagent ions into account. The
size of the symbols is proportional to the logarithm of the measured concentration
and the color is related to the volatility class as defined in Fig. S3.

undetected molecular ion signals, not only HOMs, which are
usually specified by their high O:C ratio (>0.7 for monomers),
but mostly compounds towards lower oxidation states.

As temperature decreases, the intensity of the majority
of the peaks drops, especially for compounds with a high
oxidation state and with a high detection efficiency in the
Nitrate-CI. This is similar to the observations by (15), where
a significant decrease in O:C ratio of the nucleating charged
clusters was observed during the same set of experiments.

In Fig.1, the symbol color for peaks with an identified
composition corresponds to a broad temperature-dependent
classification of their volatility, based on the carbon and oxygen
numbers of the individual compounds (see Supporting Infor-
mation for detailed information on the volatility classification
and its temperature dependence). We place them in four gen-
eral groups, according to their saturation mass concentration
C”: extremely low volatility compounds (ELVOC, log,, C* <-
4.5), low volatility compounds (LVOC, log,, C*=(-4.5,-0.5]),
semi-volatile compounds (SVOC, log,, C*=(-0.5,2.5]) and in-
termediate volatility compounds (IVOC, log,, C* >2.5) (13).
Compounds in the ELVOC and LVOC ranges have been shown
to contribute to nanoparticle growth (8). Comparing this clas-
sification for the three different temperatures clearly indicates
the importance of the compounds observed by the PTR3. At
-25°C, large quantities of LVOC compounds can be observed
by the usage of this additional ionization technique.

Observed volatility distribution within a volatility basis set
(VBS). As volatilities of organic compounds observed in the
atmosphere vary by more than 10 orders of magnitude, it is
convenient to simplify considerations of gas-to-particle par-
titioning by grouping compounds together within a volatil-
ity basis set (13, 24). Within this framework, the volatility
bins are separated by one decade in C* at 300 K, and for
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Fig. 2. Volatility distributions for representative experiments with similar c.-pinene
ozonolysis rate, (A) +25°C, (B) +5°C and (C) -25°C. The green and blue bars show
summed molecular ions observed in the Nitrate-Cl and PTR3, respectively. The
highest and lowest bin are overflow bins. Volatility bins are defined at 300 K, shifted
and widened according to their corresponding temperature. The resulting saturation
mass concentration is defined on the x-axis, while log, , C3,k is specified by white
numbers. Additionally, the bins in supersaturation with C¥ /C™* > 1 are found left of
the indicating arrow.

other temperatures the binned distribution is shifted towards
lower saturation mass concentrations. The saturation mass
concentration of oxidized organics should follow the Clausius-
Clapeyron relation at a constant evaporation enthalpy AHyap,
which in turn is linked to C* at 300 K (13) (see Supporting
Information for details).

Fig.2 shows the resulting binned volatility distribution of all
observed organic gas-phase compounds for the three represen-
tative experiments of Fig.1. Due to the observed comparable
growth rates of the three examples, the gas-particle partition-
ing is expected to be comparable, which is confirmed by the
similarity of the observed total volatility distribution over the
ELVOC and LVOC ranges. However, it is important that this
is only the case due to the additional observed compounds by
the PTR3, which, in agreement with Fig.1, mainly detects less
oxygenated molecules with no <7. Earlier work on growth
of nucleated particles from a-pinene oxidation at +5°C em-
ploying only a Nitrate-CI found that the measured HOMs
could only explain a fraction of the growth and speculated
that the nitrate detection efficiency was progressively lower for
less polar (and hence more volatile) species (8). We confirm
the missing fraction and find that the PTR3 detects many
new compounds not measured by the Nitrate-CI, independent
of temperature. At low temperature, fewer polar functional
groups are required for a compound to have a low volatility,
and thus at +5 °C and even more significantly at -25°C (Panel
(B) and (C) respectively) these species observed by the PTR3
contribute substantially in the LVOC and even ELVOC range.

Particle growth measurements. We measured growth rates
during the experiments with a DMA-train over two different
size-intervals, 1.8 — 3.2 nm and 3.2 — 8 nm (see Methods for
details). Fig.3 shows the measured growth rates versus several
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gas-phase variables. Panel (A) and (B) show the correlation
with the estimated reaction rate of the a-pinene ozonolysis dur-
ing the growth rate measurement. Higher reaction rates, and
hence higher product concentrations, lead to higher growth
rates, following an exponential relation m(7T', dp)-[k(T)-ap-Os]?
(see Supplementary Information for details). For a given a-
pinene ozonolysis reaction rate we find lower growth rates at
smaller sizes. The smaller size range also shows a more signifi-
cant temperature dependency: the growth rates are higher at
low temperatures at a given reaction rate. This indicates that
the ozonolysis products at the three different temperatures
have different properties influencing their ability to condense
from molecular cluster sizes onward.

Fig.3 panel (C) and (D) show the measured growth rates
versus the total HOM signal observed in the Nitrate-CI only,
along with a kinetic curve showing the growth rate if all
measured HOMs condensed irreversibly (25). The growth
rates of the three different temperatures are clearly separated,
but condensation at the kinetic limit for HOMs would give
almost identical values. Thus, the total HOM concentration
observed in the Nitrate-CI cannot fully describe the observed
growth at any temperature. At +25°C several HOMs measured
by the Nitrate-CI are classified as SVOC and might not be
able to condense, and at -25°C the Nitrate-CI measures only
a small fraction of the less oxygenated a-pinene oxidation
products responsible for particle growth (see Fig.2).

Therefore, panels (E) and (F) of Fig.3 show the growth rates
versus a sum, combining both mass spectrometers, over all
VBS bins in supersaturation for a given particle size, i.e. with
S = K(Dy) - CVBs bin/CvBs bin > 1. A Kelvin-term K (D)) =
10P%10/Pp gecounts for the curvature of the particles, slowing
growth of smaller particles. With this simple approach, it
is possible to bring the growth measurements at these three
different temperatures into reasonable agreement, aligning
the data points roughly parallel to the kinetic line. This
approach only accounts for bins in supersaturation, which
should condense almost kinetically. Especially for the larger
size-interval, the measured growth rates are slightly higher
than the supersaturated kinetic limits for all temperatures.
However, some VBS bins below supersaturation will contribute
as well by gas-particle partitioning, which is not considered in
this simple approach.

Comparison with an aerosol growth model. Aerosol growth is
modeled with the same framework as used in (8). However,
the model was adopted to take real time measured VBS-
distributions from both mass spectrometers as input, without
any adjustments of unknown charging efficiencies (see Sup-
porting Information for details).

The most important remaining unknown in the condensa-
tion equations is the Kelvin-term and the Kelvin-diameter,
describing the curvature effect for the condensation onto the
smallest particles:

4o M

Dk = logyg(e) - RTp (1]

However, the observed size-dependence and especially the
growth measurements at diameters < Dg1o should provide
a direct constraint on the curvature effect. For the three
representative experiments, we find the best agreement with
Dr10(T) = (4.8 £0.8) - (300K - T7') nm, which could corre-
spond to a surface tension of & = 0.03 N m™!, a molecular
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Fig. 3. Growth rates measured by the DMA-train in two size intervals (1.8-3.2 nm, panels (A),(C),(E) and 3.2-8 nm, panels (B),(D),(F)) versus several gas phase variables.
Representative experiments are highlighted. On the x-axis, panel (A) and (B) show the reacted «-pinene rate, panel (C) and (D) show the HOMs observed in the Nitrate-Cl and
panel (E) and (F) show the amount of condensable material determined by the temperature dependent volatility basis set. Colors in all plots indicate the run temperatures,
purple corresponds to -25°C, green to +5°C and red to +25°C. In panel (A) and (B) the light yellow areas shows the range of growth rates of the other size-interval to
demonstrate the observed lower growth rates at small diameters. In panels (C)-(F), the gray area illustrates the range of uncertainty on the kinetic condensation limits drawn as
solid colored lines. In panel (E) and (F) the error on the sum over the VBS-distribution is determined from the 1 decade uncertainty in the volatility definition.

mass of M = 320 g mol™! and a density of p = 1400 kg m 3,

values typical for a LVOC HOM. Fig.4 shows the resulting
predicted growth rates and their size-dependence in compari-
son with the measurements. The agreement between modeled
and measured growth rate at the smallest sizes is within the
uncertainties of the measurements. Other values for D10, €.g.
Dk10(300K) = 3.75 nm, used previously, lead to a significant
overestimation of the observed growth rates at the smallest
diameters for all temperatures. Another reason for the higher
D10 could be an underestimation of the volatility of the most
oxygenated compounds (26). Above 5 nm, the model agrees
well with the observations at all temperatures. Considering
the 1 decade uncertainty in saturation mass concentration (see
Supporting Information for details), we achieve reasonable
mass balance for growth of freshly nucleated particles between
2 and 30 nm over a wide range of conditions.

Although there is no disagreement of the model with the
measurements, within the uncertainties, there are several con-
tributions that we have not considered. First, some con-
densable compounds might still be undetected by the two
used ionization-chemistries. Additionally, fragmentation of
molecules within the instruments might disturb the volatility
estimate. Second, as well the temperature dependence of or-
ganic volatilities is subject to uncertainties (11). Third, we do
not model any particle phase reactions, such as oligomerisation.
Reactive uptake is thought to be more important at larger
particle sizes (27), again in part because of the Kelvin effect
(28).

Conclusion

Organics play a leading role in atmospheric new particle for-
mation and growth and thus govern the global budget of
CCN. VOC oxidation products in the atmosphere make up
a substantial portion of condensing vapors causing growth
of existing particles. Because oxidized organics span a wide
range of volatilities, temperature is a crucial parameter. We

4 | www.pnas.org/cgi/doi/10.1073/pnas. XXXXXXXXXX

have shown that the combination of two mass spectrometers,
both using different ionization techniques, and consideration
of the volatility distribution of the measured compounds, here
with a volatility basis set, gives a sufficient constraint of the
gas-phase products, to comprehensively describe growth over
a wide temperature range. The measurements are in good
agreement with an aerosol growth model and for the first time
a direct estimate of the Kelvin diameter for organics of 4.8
nm could be inferred.

Temperature influences the growth by organics from dark
a-pinene ozonolysis in several ways via competing processes.
This is illustrated in Fig.5, where the oxidation products con-
taining 4 oxygen atoms are compared to the oxidation products
containing 10 oxygen atoms with respect to their average satu-
ration mass concentration and the measured concentration for
three experiments with a comparable a-pinene ozonolysis reac-
tion rate. While for both groups of compounds the volatility
decreases with decreasing temperature, the measured con-
centrations increase with increasing temperature for the O1¢
monomers at similar a-pinene ozonolysis reaction rates. This
is due to the temperature dependence of the unimolecular auto-
oxidation reactions. It is highly likely that the intramolecular
H-atom transfer reactions have significantly higher activation
energies than radical-radical termination reactions, and so it is
reasonable that the extent of auto-oxidation will increase with
increasing temperature (29). As these intramolecular reactions
have to occur several times in order to form higher oxygenated
molecules, measured concentrations of O19 compounds drop
significantly as temperature decreases.

Our precision measurement of particle growth rates across
the critical size range from 2 - 30 nm reveal that organic
condensation drives particle growth at a similar rate over a
wide temperature range, when the precursor oxidation rate is
held constant. This is due to counterbalancing temperature-
dependent effects: lower volatility but also less extensive oxy-
genation at lower temperature. The competing processes
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Fig. 4. Modeled and measured growth rate versus particle diameter. (A) +25°C at
increasing a-pinene ozonolysis reaction rates (~1.7-2.3-10%cm~3s~1) (B) +5°C at
increasing reaction rates (~1.2-1.8-10%cm~3s ™) (C) -25°C at constant reaction
rates (~1.9-10%cm~3s ™). The thick black lines indicates the modeled total growth
rate and the dashed black lines indicate the associated uncertainty resulting from a
+one bin shift of the VBS-distribution. The contribution of the different bins of the
VBS-distribution is illustrated by the colored areas, where white numbers and the color
code represent the saturation mass concentration at 300 K for all three cases. The
contribution below the thick gray line is from bins with C* > C*. For the measured
growth rates, red diamonds show the DMA-train (shown as well in Fig.3) and blue
circles other instruments (see Supporting Information for details). The capped black
errorbar shows the statistical uncertainty of the single measurements, while the gray
errorbar gives the 50 % systematic uncertainty of the appearance time method.

described in Fig.5 are thus of the same order of magnitude.
This suggests a crucial role for organics in aerosol growth
across the wide temperature range of the troposphere. Not
only due to higher emission and ozonolysis reaction rates, but
also due to rapid auto-oxidation to highly oxygenated states,
organics can influence aerosol growth dramatically in warm
regions. However, due to the strong drop in volatility of even
modestly oxygenated organic products at low temperature,
organics can drive aerosol growth also in cold regions, e.g. at
high altitudes and the sub-arctic. Global aerosol models there-
fore need to implement robust descriptions of these processes,
not only considering the first order rate constants of ozonolysis
and OH reactivity, but rather a more detailed description of
organic chemistry and its temperature dependence. Precision
measurements with a complementary set of mass spectrome-
ters and particle-size-distribution measurements in the crucial
region below 10 nm provide important constraints for model
predictions of the contribution of gas-to-particle conversion to
the global budget of cloud condensation nuclei.

Materials and Methods

The CLOUD chamber. The CERN CLOUD chamber is a 26.1 m3
electro-polished stainless steel vessel, surrounded by a thermal
housing capable of stabilizing temperature in a range from -65 °C
to 4100 °C with £0.1 K precision (30). The chamber is equipped
with a gas control system achieving extremely high purities by
mixing boil-off nitrogen and boil-off oxygen at the atmospheric ratio
of 79:21. Highly pure trace gases can be precisely added at the ppt
level. Before the start of the experiments the chamber was heated to
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Fig. 5. Overview over the competing processes and their temperature dependence.
The left panel shows the summed measured concentration of the O4 and O1¢
monomer (Cg—10) compounds. The right panel shows the averaged saturation
mass concentration of the same groups of compounds. Data are taken from three
experiments with comparable a-pinene ozonolysis reaction rate. The sketch on the
left panel illustrates the higher measured concentrations at higher temperatures, espe-
cially of highly oxygenated products. The sketch on the right panel shows that growth
at cold temperature can proceed already with the condensation of lower oxygenated
products due to the decrease in volatility.

100 °C and rinsed with ultra-pure water for cleaning. This assured
operation at contaminant levels of less than 5 - 10% cm—3 H2SOy4
and total organics below 150 pptv (15, 20).

A high-voltage field of £30 kV can be applied between two
electrode grids, located at the top and bottom of the chamber.
The electric field sweeps out all ions from the chamber allowing for
ion-free experiments. If the field is switched off, ions are created by
the impact of galactic cosmic rays and decay products from ambient
radioactivity.

Experiments were conducted as follows: At 38 % relative humid-
ity, with no SO2 and no NO; present in the chamber, stable ozone
concentrations of 30-40 ppb were established. Under dark condi-
tions, i.e.without any additional OH radical production mechanism
except from the ozonolysis itself, the high-voltage field was switched
on, to perform experiments under neutral conditions first. Injection
of a-pinene initiated the ozonolysis reaction and the subsequent
formation of particles. After steady-state a-pinene concentrations
were reached and particle growth was measured up to at least 10
nm, the high-voltage field is switched off. Tons now present in the
chamber lead to a significant increase in nucleation rate (7). There-
fore two growth rate measurements can eventually be performed
as the size-distribution will show two growing particle populations.
Moreover, the second measurement is almost independent of chang-
ing gas concentrations as the steady-state is already reached during
the neutral experiments. As no significant effect on growth due to
the different ionization conditions was found all measurements are
treated equally in this study.

Measurement of particle growth. Apparent particle growth rates are
inferred from particle-size-distribution measurements with the ap-
pearance time method (10), as it was done in previous comparable
studies (8, 14). Particle-size-distributions are measured by sev-
eral sizing instruments optimized for a certain size range. Each
instrument was thereby treated separately but we found comparable
results in the overlapping regions for all presented experiments (See
Supporting Information for details).

Key part of this study is the precision measurement of particle-
size-distributions in the size range between 1.8-8 nm by a newly
developed instrument, a DMA-train (23). It uses six differential
mobility analyzers in parallel with the classified size fixed for every
device. Subsequent detection of the size-selected aerosol is done by
the usage of six condensation particle counters. As no scanning is
involved, high counting statistics at a single size is achieved, pro-
viding unprecedented high sensitivity to low number concentrations
in the crucial sub 10-nm range.
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Gas-phase measurements. Gas phase compounds were measured
by high-resolution mass spectrometry. For this study two differ-
ent instruments with two different chemical ionisation techniques
were combined in order to obtain a more detailed overview of the
neutral gas phase species present during the a-pinene ozonolysis
experiments.

Using an atmospheric-pressure-interface, the rather selective
ionization technique of a chemical-ionisation mass spectrometer
using nitrate (HNO3)(NOj ') as the reagent ion (21) was used to
obtain a very clean spectrum of HOMs (6). The broad ionization
efficiency of H3O1-water clusters was deployed in a novel proton-
transfer-reaction time-of-flight mass spectrometer to ionize VOCs as
well as semi-volatile organic compounds (SVOCs) and HOMs (22).
While the Nitrate-CI is calibrated to the response of HoSOy4, the
response of the PTR3 to HOMs is assumed to behave comparably
to Butanon (22). Inlet loss corrections for HOMs have to be applied
to both instruments and are adjusted for the PTR3 to give good
overlap for peaks observed in both instruments (see Supporting
Information for details).

When combining the two mass spectrometers, for molecular ion
signals observed in both instruments the higher signal is used. Both
spectra are background subtracted and therefore a weaker signal
in either of the mass spectrometers could point towards a lower
ionisation efficiency.
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Supporting Information (Sl)

Appearance time method for growth rate determination. Particle
growth rate measurements were performed with the appearance
time method, which can be used especially in chamber experiments,
where a clear front of a growing particle population can be identified
during most nucleation experiments.

The particle-size distribution was measured by a comprehensive
set of four different instruments. Below 2.5 nm, a particle size
magnifier in scanning mode was used (31). The size range between
1.8-8 nm was covered by a DMA-train (23). Above 8 nm a scan-
ning mobility particle sizer system, T'SI nano-SMPS model 3982,
measured up to 65 nm (32). Additionally, a neutral cluster and air
ion spectrometer (NAIS) measured between 3-42 nm (33).

Considering the evolution of particle size-distribution binned
into different size-channels, the signal in each size-channel is fitted
individually with a four parameter sigmoid function using a least-
square algorithm:

a—2>b
1+ (t/tapp)?

where a and b represent the background and plateau value of the
sigmoid function respectively, d is a parameter for the steepness
of the rising signal and tapp is the time at which the 50 % value
between plateau and background is reached.

A representative fit for a 3.2 nm size channel of the DM A-train is
shown in Fig. S1 (A). All size-channels are cross-checked manually
after the automated fitting and a statistical error of tapp is estimated
from the covariance of the fit-result. The values obtained for tapp
can be plotted against the corresponding diameter as shown in
Fig.S1 (B). A linear fit with an orthogonal distance regression is
used to take into account both the uncertainties of tapp and of the
diameter of the size-channels. The resulting value of the slope and
its associated error can be interpreted as an apparent particle growth
rate and its statistical uncertainty. However, this growth rate does
not necessarily represent the growth caused by pure condensation,
as it omits coagulation and, in chamber experiments, wall losses,
which both alter the particle size-distribution (34). Therefore, a
systematic uncertainty of the method is estimated to be 50 % (35).

For the DMA-train two size-intervals for the growth rate mea-
surement were defined: One between 1.8-3.2 nm and one between
3.2-8 nm. The choice of the size-intervals is arbitrary but proofed to
be representative to show differences between early and later growth.
In (8) it was shown that growth driven by biogenic organics shows
only a minor size-dependence above 5 nm, i.e. the upper growth
rate size-interval of the DMA-train is representative for growth >5
nm.

Sa, (t) = +b, [S1]

Absolute HOM concentration measurements using Nitrate—
CI-APi-ToF. The Nitrate-CI-APi-ToF (Nitrate-CI) uses negative

nitrate, (HNO3)(NO; ), as reagent ion (36), which shows high
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Fig. S1. Example for a representative determination of the particle growth rate with
the appearance time method for data obtained by the DMA-train. Panel (A) shows the
sigmoid function fit to the measured concentration within the 3.2 nm channel. Panel
(B) shows the orthogonal distance regression for the growth rate determination in two
intervals.
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charging efficiencies towards HoSO4 and HOMs. The concentration
of a HOM species is estimated via

[HOM, - NO3 ]

[HOM;] = C-T;-SLuowm, -In . a
Zj:O[NOS - (HNOg3);]

1+

[52]

Here [HOM; - NOg'] is the background corrected peak area which
is normalized to the intensity of the main reagent ions. To obtain
a quantitative concentration, three factors are applied: First, a
calibration factor C, which is inferred from a calibration using sul-
furic acid (37) and assuming that all detected HOMs have the same
ionization efficiency (6). Second, a mass dependent transmission
efficiency T; of the APi-ToF can be inferred in a seperate experiment
by depleting the reagent ions with several perfluorinated acids (38).
Third, sampling line losses SLownm; are estimated assuming laminar
flow diffusional losses in the sampling lines (39) with a diffusion
coefficient of HOMs scaling with the molecular mass M; of the

compound via Dlcm2s~1]=0.31- M, */? at 278 K, determined from
wall loss measurements in the CLOUD chamber. As the sampling
lines of the Nitrate-CI are thermally insulated, for other experiment
temperatures D o« (T/278K)!'75 is assumed. As the compounds
detected by the Nitrate-CI are mostly classified ELVOC or LVOC
in the temperature range of this study, we can assume that they all
get lost irreversibly to sampling line walls due to diffusion.

Absolute concentration measurements of oxidized organics using
PTR3-ToF. The PTR3-ToF (PTR3) uses (H3O1)(H20),, clusters
as reagent ions, ionizing a-pinene as well as first and higher order
oxidation products by proton transfer or ligand switch reactions
(22). A contact minimized laminar flow inlet system with core
sampling is used to transfer the sample air into the tripole reaction
chamber operated at 80 mbar and reduces transmission losses. The
(H3O71)(H20),, cluster ion distribution can be regulated by a radio-
frequency-amplitude applied to the tripole rods without influencing
the reaction time. Increased pressure in the reaction region and
longer reaction times compared to traditional PTR instruments
yield a 500 fold increased sensitivity to a broad range of organics.
At the operating conditions of the PTR3, secondary reactions of
ionized species with the most abundant neutral VOCs in the sample
gas are limited to less then one percent at the highest measurable
concentrations. The new instrument bridges the gap between pre-
cursor measurements at ppbv level to HOM measurements at sub
ppt level, complementing atmospheric pressure CIMS techniques.

A quadrupole interfaced Long-ToF mass spectrometer (TOFW-
ERK AG, Thun, Switzerland) is providing the high mass resolving
power needed to separate isobaric compounds. We obtained more
than 1500 individual mass peaks, excluding isotopes, during a-
pinene ozonolysis experiments. A multi-peak fitting algorithm is
applied to separate the major compounds and assign chemical sum
formulas. Extracting the relevant signals is done omitting all masses
rising less than 30 above chemical background noise during ozonol-
ysis measurements and removing peaks with possible uncertainties
caused by interference of higher neighboring peaks. (H3O1)(H20),
clusters are known to be soft ionization reagent ions. Nevertheless
we cannot exclude completely fragmentation of some ionized HOMs
loosing most likely HoO especially when containing an (-OOH)
group.

The PTR3 was calibrated with a gas standard containing 1
ppm of 3-hexanone, heptanone and a-pinene in nitrogen, which
was dynamically diluted by a factor of 1000 in VOC-free air to
contain 1 ppbv of each compound. Duty cycle corrected counts
per second dcps are used in order to compensate for the mass-
dependent transmission of the TOF mass spectrometer (deps(i) =
eps(i) - (101/m;)1/2) (22). For 3-hexanone and heptanone we ob-
tained a sensitivity which is in agreement with the calculated sensi-
tivity taking into account the duty cycle corrected (H3O1)(H20),
regent ion count rates, the pressure and the reaction time in the
reaction chamber (80 mbar; 3 ms) and using 2 — 3 - 10~ %cm3s ™!
as a fast reaction rate constant close to the collisional limit value.
Consequently, only lower end product concentrations can be given.

In a previous a-pinene ozonolysis study PTR3 results showed
quantitative agreement for several HOMs with the Nitrate-CI (22).
The authors estimated 80 % inlet losses for low-volatile molecules
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Fig. S2. Quantitative comparison of selected peaks observed in both mass spec-
trometers and its temperature dependence for three representative runs with similar
a-pinene ozonolysis rate. The correction for PTR3 compounds to account for sam-
pling line losses and the additional 80 % wall loss inside the PTR3 ion source are
displayed by the hatched area.

with no > 5, bringing the two instruments into reasonable quanti-
tative agreement for common molecular ion signals. However, the
assumption for the Nitrate-CI, that all detected molecules get lost
on contact with sampling line walls, does not hold for all substances
measured by the PTR3. In the transition from SVOC to LVOC
the partitioning of substances between inlet line walls and sample
gas is temperature dependent. We therefore extended the approach
of (22) with our knowledge about an approximate volatility of the
measured compounds. Assuming that all molecules in the LVOC
and ELVOC range get lost by diffusion (the diffusion coefficient
of a molecule is estimated similar to the Nitrate-CI) according to
(39), we can apply a temperature dependent loss-correction for the
sampling line losses, which is split up into three sections:

TNtot = Mline,int (T) . T]line,ext(QggK) . nPTR3(310K)

We account for losses at the sampling line within the CLOUD cham-
ber Niine,int at chamber temperature T', as well as losses occurring at
the sampling line outside the chamber at room temperature Mine,ext
(as it was not thermally insulated) and losses within the PTR3
instrument heated to 37°C nprrs. Therefore, for each sampling
section other molecules might be subject to losses according to their
temperature-dependent volatility classification.

[S3]

Comparison of the used mass spectrometers. The considerations of
the two previous sections result in the comparison for data obtained
in three representative experiments at three different temperatures
which is shown in Fig.S2, where Miine,int and Mine,ext are calculated
assuming diffusional losses similar to the Nitrate-CI and npTrs is
estimated to correct for the 80% discrepancy found in (22). For
higher oxygenated molecules the agreement between both mass
spectrometers is in a reasonable range including the additional loss
term nprrs for losses within the PTR3 ion source and inlet. This
indicates that the loss in measured concentration from +25°C to
-25°C for the three experiments at similar initial precursor oxidation
rates is caused by the reduced reaction rates of the auto-oxidation
process. For lower temperatures and lower oxidized states (ng
= 4/5/6) a discrepancy between the instruments gets significant.
However, even at elevated temperatures, the Nitrate-CI is only
detecting a small fraction of all oxidation products with no = 5/6
observed by the PTR3. Therefore it is concluded that the increasing
discrepancy is likely due to a lowered sensitivity of the Nitrate-CI
for such compounds. The ionization efficiency in the Nitrate-CI
depends on the relative binding energy of a (HNO3)(NOj ) cluster

compared to a (Analyte)(NO; ) cluster (40). A relative shift in
binding energies at lower temperatures that favors (HNO3)(NOjy')
clustering instead of (Analyte)(NO; ) clustering, could explain the
observed decrease of signal for the lower oxidation states for the
Nitrate-CI. The higher oxidation states however are unaffected
because the (HOM)(NO;') clustering is generally very strong and

8 | www.pnas.org/cgi/doi/10.1073/pnas. XXXXXXXXXX

will always dominate the (HNO3)(NOjy') clustering, which explains
the good agreement of the two instruments for higher oxidized
states.

Growth rate parametrization. Growth rates were parametrized in
Fig.3 (A) and (B) by the simple exponential relation GR=m/(T,d))-
[k(T) -ap - O3], to express the correlation between growth rate and
a-pinene ozonolysis reaction rate. While the coeffcients m(T, dj) de-
pend on temperature and size-range of the growth rate measurement,
q is chosen to be independent of both. A minimum least-square

regression yields the results presented in TableS1.
Size-Range  m(+25°C) m(+5°C) m(-25°C) q
1.8-3.2 nm 1.12.10—7  2.09-10—7 2.67-10~7 1.21
3.2-8.0 nm 2.66-10-7 3.12.10~7 357107 1.21

Table S1. Resulting parameters from least-square regression for the growth rate
parametrization of Fig.3 (A) and (B) by the simple exponential relation GR =
m(T,dp) - [k(T) - ap - Os]?.

Volatility of HOMs. Direct measurements of volatilities of individual
HOM are extremely challenging as they are difficult to synthesize
and the vapour pressures are too low for current volatility mea-
surement techniques. To overcome this problem, vapour pressures
can be inferred by several model calculations, like so-called group
contribution methods (41) or parametrizations according to the
oxidation state (13). In this study a combined approach is applied.
We use a volatility parametrization according to the carbon
nic and oxygen n6 number of the specific molecule ¢. This is
based on two general observed trends that increasing carbon and
increasing oxygen number lower the volatility of oxidized organic
molecules. Thus, these quantities are linked to volatility, expressed
as the logarithm of the saturation mass concentration log,, C}* for

compound i:
nigniy
nic T n6 CcO
[54]

where the parameter nOC:25 is the baseline carbon backbone for
a volatility of 1 ug m~3 without the addition of any functional
groups. bc=0.475 is the roughly half decade decrease in volatility
per carbon atom and bp=2.3 is the more than two decade decrease
in volatility per oxygen atom assuming an average of (=0O) and
(-OH) groups. bco is a non-linearity term. More details can be
found in (13).

However, other functionalities e.g. hydroperoxides (-OOH) and
covalently bound dimers are not included in bgp, but are both
abundant in HOMs from a-pinene ozonolysis. To account for these
specific attributes, a representative set of proposed products (8,
26) with known structure is analyzed with the group contribution
method SIMPOL (41). The results are fitted with Eq. S4 including
a free parameter b,qq altering the effect of oxygen bpo. Monomer
and dimer products are fitted separately allowing this parameter to
include the covalent binding. The resulting parametrisation at 300
K is shown in Fig. S3. The free parameter yields b,qq = 0.90 for
monomers and b,qq = 1.13 for dimers. Accordingly, for any a-pinene
ozonolysis product with unambiguously identified composition, a
volatility can be calculated.

However, computed volatilities from group-contribution methods
generally tend to underestimate vapour pressures at low vapour
pressures. A recent study investigating the volatility of a-pinene
oxidation products with quantum-chemical based model calcula-
tions found large deviations due to intramolecular H-bonds (26).
These deviations were significant especially for highly oxygenated
monomers and dimers, while the agreement for the higher volatilities
was much better.

This study focuses on the temperature dependence of the volatil-
ities which is described by:

logo Cf (300K) = (n — ng)-bo—nj-(bo — bada)—2

AH 1 1
1 C*(T) =1 C*(300K) + ———=£_ (— - —) S5
0810 (T) = logy1 C*( )+ RIn(10) \300 T [S5]
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Fig. S3. Volatility model used in this study. For a representative set of proposed
products from «-pinene ozonolysis the known structure is used to calculate the
volatility by the group-contribution method SIMPOL or are directly measured by
(42, 43). Results are fitted with the proposed relationship from (13) including a free
parameter for the oxygen dependence.

The evaporation enthalpy AHyap can be linked to the saturation
mass concentration at 300 K log;, C*(300K) according to (13) and
combined with (44):

AHuap [kImol ™| = —5.7 - log;o C* (300K) + 129 [S6]

The correlation between volatility at 300 K and the evaporation
enthalpy AHyap is very comparable for approaches like (44), (13)
and (26). Moreover, the shift in volatility due to temperature
in this study is most important for oxygenated compounds with
volatilities around log;y C*(300K) ~ 0, at the transition between
LVOC and SVOC. For those molecules also the predictions of the
volatility between the different methods don’t differ drastically
(26). Therefore, we assume an overall uncertainty of the volatility
description of +1 bin (i.e. 1 decade in C*(300K) for volatility
distributions within a volatility basis set). This uncertainty is
shown Fig.3 panel (E) and (F) and gives the method uncertainties
in Fig.4.

Aerosol growth model. The measured VBS-distributions can be used
to model aerosol growth. The modeling framework is based on the
one used in (8) but simplified for the input of direct VBS-distribution
measurements. Starting from a VBS-distribution at ¢ = 0 the growth
of a monodisperse population of nucleated particles at an initial
size of 1.2 nm mobility diameter is modeled. Every VBS bin is
treated like a single surrogate molecule having the properties of the
averaged mass and concentration of the bin. It is assumed that the
measured gas-phase concentrations are in steady-state with losses
to particles and chamber walls. The condensation flux ¢; , of every
VBS bin 7 should then follow:

¢ip=Np-0ip,kip-Fip [S7]

N, gives the number concentration of particles of a given size.
aip = m/4(dp + d;)? is the particle-vapor collision cross-section
including the diameter of the monodisperse particle population dj
and mass-diameter of the VBS bin d;. k; p = o pVipBi,p is the
deposition rate of vapor molecules at surface, with «; , the mass
accommodation coefficient, v;, = (8RT/(mpip))*/? the center
of mass velocity for particle and vapor (with the reduced mass
pip = (MiMp)/(M; + Mp)) and B; , the correction factor for non-
continuum dynamics (45). F; p is the driving force of condensation,
closely related to the saturation ratio S; of the VBS bin by F; , =
C9(S; — Xi pvi,pKip). This driving force of condensation for a
VBS bin ¢ gives the difference between gas phase activity S; and
particle phase activity (X; p7i,pKi,p), which includes the Raoult
term X; ,v;,p to account for the mixture effect of the particles and
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the Kelvin-term K;j, = exp (40M/(RTpdy)) accounting for the
curvature effect of the particle surface. The model assumes an ideal
mass based solution, i.e. the condensed phase activity is the mass
fraction X; ;, and hence v; , = 1. Therefore we use C'x as saturation
mass concentration throughout this study, as C* = '\/M,CO.

Solving the above condensation equations for the measured
evolution of the VBS-distribution assuming this distribution always
reflects a steady-state between production from a-pinene ozonolysis
and wall losses and following the growing monodisperse aerosol
population, yields a diameter versus time evolution which can be
connected to a growth rate.

Besides from the different input VBS-distributions at differ-
ent temperature, only the Kelvin-term and the collision-frequency
include a temperature dependence.
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