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Limonene organosulfates of MW 250 Da
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Figure 1: Base peak chromatograms of the purified limonene OS250 sample (blue) and a blank sample (green) using negative
ionisation analysis (a) and positive ionisation analysis (b). peak 1: and 2: OS 286 (m/z 267.09), peak 3 to 6: OS 250 (m/z
249.08) and peak 7 and 8: OS 384 (m/z 383.19).

Figure 1 shows base peak chromatograms from UHPLC-ESI-q-TOF-MS analysis of the purified
organosulfate 250 sample using negative (a) and positive (b) ionisation. The purified organosulfate
250 sample does not show any additional compounds from the positive ionisation analysis and only

a small signal from an organosulfate with MW 268 (peak 1 and 2) and an organosulfate with MW
384 (peak 7 and 8) is observed.
In Table 1 below the chemical formulas (based on suggestions from smart formula in the program
“data analysis” from Burker Daltonics) and suggested structures for the observed organosulfates are
given.

OS 268

m/z

RT [min]

msms fragments

Molecular formula

267.09

4.4; 5.9

96.96, 79.95

C10H19O6S

Suggested structure

More isomers

OS 250

249.08

8.2; 9.5;
10.3

95.95

C10H17O5S
More isomers

OS 384

383.19

15.4

158.94, 116.92,
96.96

C20H31O5S
More isomers

Table 1: Information on the organosulfates observed in the purified limonene organosulfate sample. Molecular formulas are
suggested based on smart formula analysis in the program “data analysis” from Burker Daltonics.
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CCN Calibration

During measurements with the CCNc, the supersaturation (SS) was entered to be in the range of 0.1
to 1.3% increasing in steps of 0.1%. Measurement of ammonium sulfate (AS) hence resulted in 13
appurtenant critical particle diameters (d50). The 13 measured d50-values for AS was used to
correct the SS in the CCNc by calibration with theoretical SS for ammonium sulfate, using the
Köhler equation (Seinfeld and Pandis, 2006):

𝑆𝑆(𝐷𝑝 ) = (𝑒𝑥𝑝 (

4𝑀𝑤 𝜎𝑤 6𝑛𝑠 𝑀𝑤
−
) − 1) ∙ 100%
𝑅𝑇𝜌𝑤 𝐷𝑝 𝜋𝜌𝑤 𝐷𝑝3

(𝑠1)

where Mw is the molecular weight of water (18.0153 g/mol), σw is the surface tension of water
(0.07286 J/m2), R is the gas constant (8.314 J/kg K), T is the temperature (298.15 K), ρw is the
density of water (997.1 kg/m3), Dp is the droplet diameter, and ns is given below:
𝑛𝑠 =

𝑣𝜋𝑑𝑠3 𝜌𝑠
6𝑀𝑠

(𝑠2)

where ν is the van Hoff factor, ρs is the density of AS (1770 kg/m3), ds is the diameter of the dry AS
particle (here the measured d50) and Ms is the molecular weight of AS (132.1395 g/mol).
The van Hoff factor was calculated with the following parametrisation as suggested by (Prisle,
2006):
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𝑣 = −0.002 ∗ 𝑐𝐴𝑆
+ 0.032𝑐𝐴𝑆
− 0.197𝐶𝐴𝑆
+ 0.5997𝐶𝐴𝑆
− 0.8431𝑐𝐴𝑆 + 2.3552

(𝑠3)

For each of the 13 measured d50-vlaues a Köhler curve was modelled by setting ds to d50 and
calculating SS while increasing D p in steps of 1.01. The critical supersaturation (SS50) was then
found as the top of the Köhler curve. Figure 2 shows the modelled Köhler curve for ds = 133.34
nm.

Figure 2: Köhler curve for AS with a dry particle diameter, ds, of 133.34 nm.

The theoretical SS50-values found from the Kóhler curves were then plotted against the SS entered
in the CCNc (Figure 3) and the following regression line was obtained, where the uncertainties were
found using the linear regression approach:
𝑆𝑆𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 0.686 (±0.006) ∙ 𝑆𝑆𝑒𝑛𝑡𝑒𝑟𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝐶𝐶𝑁𝑐 + 0.031(0.005)

(𝑠4)

The SS in the CCNC was corrected using the regression line and the entered SS, resulting in
corrected SS in the range of 0.099 to 0.922%.

Figure 3: Calibration curve for correction of SS in the CCNC.
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Bulk-to-surface Partitioning

The thermodynamic approach to calculate surfactant bulk-to-surface partitioning in cloud droplets
is based on the original work of Li et al. (1998) who considered the effect of surfactant partitioning
on droplet solution surface tension, and Sorjamaa et al. (2004) who also accounted for surfactant
effect on the water activity (or mole fraction). The single component model is presented by Prisle et
al. (2008) and the model for surfactant-salt mixtures, which is used in the current calculations, is
presented by Prisle et al. (2010). The main idea in these calculations is that when the surfactant
partitions to the droplet surface, it is effectively removed from the bulk solution which determines
the thermodynamic properties of the droplet (e.g., surface tension and water activity). The approach
to calculate surfactant partitioning is based on the Gibbs adsorption equation or isotherm (Gibbs et
al., 1928), which can be given in the following form:

∑ 𝑛𝑖𝑇 𝑅𝑇𝑑𝑙𝑛(𝑎𝑖𝐵 ) + 𝐴𝑑𝜎 𝐵 = 0
𝑖

(𝑠5)

where n is number concentration, a is activity, A is droplet surface area, σ is droplet solution surface
tension, R is the gas constant, T is temperature, and d refers to differential. Subscript i cover all
liquid phase species. Superscripts T and B refer to total and bulk phases, respectively. The total
number concentrations are known from the given dry particle composition and droplet diameter
(total = bulk + surface). In the current approach, all species are allowed to partition between bulk
and surface phases so that the surface partitioning of the surfactant is replaced by equal volume of
surface depletion of water and other non-surfactant solutes (pseudo-binary solution composed of
one surfactant and water + non-surfactant solute mixture). As a result, the total surface volume is
zero and bulk volume is equal to the total droplet volume. With these model considerations, the
adsorption equation has only one unknown (bulk concentration of the surfactant).
Solving the adsorption equation requires an activity coefficient model (𝑎𝑖𝐵 = 𝛾𝑖𝐵 𝑥𝑖𝐵 , where  is the
activity coefficient and x is mole fraction) and a surface tension parameterization. Also, these must
be thermodynamically consistent. Since activity coefficient models are not available for the current
mixtures, those were set to unity, i.e., an ideal solution is expected. The ideal solution assumption is
always thermodynamically consistent, but there are some requirements for the surface tension
parameterization. It has to be continuous and the differential must become zero at the infinitely
dilute surfactant solution. The Szyskowski equation (Eq. 1 in the main text) is thermodynamically

consistent and the gradient (e.g.

𝑑𝜎 𝐵
𝑑𝑛 𝐵

) is negative after the infinite dilution limit, which results in

positive surfactant adsorption at all non-zero surfactant concentrations. Although surface tensions of
single surfactant solutions (with or without added salt) are often in good agreement with the
Szyskowski equation, this is not the case for multicomponent surfactant solutions or surfactant
solutions with surface active impurities. In addition, different solubility values and chemical
equilibrium transitions (e.g. protonation/deprotonation) can result in unexpected changes to surface
tension of multicomponent solutions with respect to total solute concentration. Clear deviations
from the smooth surface tension behavior were also observed here (Fig. 3 in the main text).
Although the current surface tension parameterization may not be the most accurate one, it is
thermodynamically consistent and continuous over all surfactant and salt concentrations.

During the model calculations, both dry particle size and composition is fixed and the droplet
diameter is given. As described above, bulk phase concentrations are found numerically by solving
the adsorption equation. When the model is used to simulate hygroscopic growth, the simulations
give the correct equilibrium RH (based on Eq. 9 in the main text). For the CCN experiments, the
simulations give the equilibrium supersaturation (also based on Eq. 9 in the main text), but the
critical supersaturation is found numerically by varying droplet size until the maximum equilibrium
supersaturation is found.

With a few simplifications (e.g., fixed type of surface tension parameterization and ideal solutions)
an analytical solution can be found for the surfactant partitioning equilibrium (Topping, 2010;
Raatikainen and Laaksonen, 2011). Later these computationally efficient analytical equations have
been used in studies assessing the large scale effects of surfactants (e.g. Prisle et al., 2012; Topping
and McFiggans, 2012). These analytical equations have also been used to extend the -Köhler
theory to account for surfactant partitioning (Petters and Kreidenweis, 2013). Although the
analytical equations are based on additional approximations and assumptions, their predictions are
very similar to those of the full thermodynamic model (e.g. Raatikainen and Laaksonen, 2011). The
model has been used here, because it can account for the effect of the added ammonium sulfate salt
on the droplet solution surface tension.
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