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S1 Experimental design

The CERN CLOUD chamber (detailed description can be found in Duplissy et al. (2016)) is a 26.1 mS stainless steel aerosol
chamber, which can be kept at a constant temperature within 0.1 K precision. The dry air supply for the chamber is provided
by boil-off oxygen and boil-off nitrogen mixed at the atmospheric ratio of 79:21. This ensures extremely low contaminant
levels, especially from organics and sulfuric acid. Water vapour, ozone and other trace gases, such as SO, can be precisely
added at the pptv-level. For the experiments presented here, apart from Oz (~120 ppb), SO, (5 ppb), NH3 and water (38% or
60% relative humidity), the chamber was kept clean. The cleanliness from organic contaminants was validated by the
measurement of chamber air with a PTR3 proton-transfer-reaction time of flight mass spectrometer (Breitenlechner et al.,
2017) and a nitrate chemical ionization-atmospheric pressure interface-time of flight mass spectrometer (nitrate CI-APi-ToF)
(Jokinen et al., 2012). The absence of any contamination from amines was confirmed by measurements with a water cluster-
CI-APi-ToF (Pfeifer et al., 2019), which did not register dimethylamine mixing ratios above the detection limit of 0.1 pptv.
Additionally, the CLOUD experiment offers the possibility to study new particle formation under different ionization levels.
Two electrode-grids one at the top and one at the bottom of the chamber can be supplied with a +£30 kV high voltage. The
generated electric field clears ions and charged particles from the chamber within seconds, in order to study growth by sulfuric
acid under neutral conditions. If the clearing field is switched off, ionization from galactic cosmic rays naturally increase the

ion concentration inside the chamber.

The experiments were initiated by homogeneous illumination of the chamber at constant Oz and SO, levels. The UV light of
four Hamamatsu UV lamps guided into the chamber with fibre optics induced the photo-dissociation of Oz and production of
OH- radicals. Thereby, SO is oxidized, leading to the formation of sulfuric acid. Particle growth rates were measured with the
appearance time method, which requires a growing particle population, which can be clearly identified (Lehtipalo et al., 2014;
Stolzenburg et al., 2018). Therefore, after the new particle population reached 10 nm, a short 30 minute cleaning stage was
performed in order to increase loss rates for particles and sulfuric acid. As shown for the typical run example in Fig. S1, this

leads to clearly separated growing particle populations in subsequent experiments.
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Sulfuric acid monomer concentrations were measured with a nitrate CI-API-TOF. The sulfuric acid concentration was
determined as the mean of the sum of three different molecular ion signals (HSO4, HNO3sHSO4', (H.0)HSO4") during the time
period where the growth rate was measured. The signal is normalized by the main nitrate reagent ions and corrected for
sampling line losses. Calibration of the instrument’s response to sulfuric acid (Kirten et al., 2012) was performed before and
after the measurement campaign and yielded comparable results.

Compared to previous studies, also the measurement of gas-phase NHs significantly improved due to the deployment of a
calibrated water cluster CI-APi-ToF (Pfeifer et al., 2019). The protonated water cluster reagent ions selectively ionize ammonia
and amines at ambient pressure. The detection limits reach approximately 0.5 pptv for ammonia and 0.1 pptv for
dimethylamine. The data measured by the water cluster CI-APi-ToF were cross-checked at high NH3 concentrations against a

commercial PICARRO NHj; analyser.

Particle growth was monitored using a DMA-train (Stolzenburg et al., 2017) for the size-range of 1.8-8 nm and a TSI Model
3936 nano-SMPS for sizes larger than 5 nm. Both instruments use electrical mobility classification in order to infer a particle
size-distribution. Compared to the scanning particle-size-magnifier (see e.g. Lehtipalo et al., 2014), which was used as the
main instrument for particle growth measurements in Lehtipalo et al. (2016), these instruments have less systematic
uncertainties on the actual size classification. The size-ranges of both studies are therefore not directly comparable. We show
the measurements in the lower size-interval of the DMA-train (1.8-3.2 nm) together with the earlier results (size range 1.5-2.5
nm) in Fig. S2. The results with ammonia added to the chamber, which presumably decreases the evaporation rates to close to
zero, agree nicely with the collision enhanced kinetic limit of this study, when the size-range is adjusted. Particle growth rates
are inferred with the appearance time method (Lehtipalo et al., 2014; Stolzenburg et al., 2018). Figure S1d demonstrates for a
representative experiment how the signal in each size channel of the used mobility analysers is fitted by a sigmoidal shape
curve in order to infer the 50 % appearance time, i.e. the time where 50 % of the maximum signal intensity during the run is
reached first. The appearance times are plotted versus the corresponding diameter and fitted with a linear function over the
two size intervals 1.8-3.2 nm and 3.2-8 nm. Nanoparticle growth rates inferred via this method could be affected by a strong
contribution of cluster coagulation (Kontkanen et al., 2016; Li and McMurry, 2018). However, the comparison with a
modelling study in Fig. S3 indicates that this contribution is expected to be negligible. Moreover we also used the size- and
time-resolving growth rate analysis method INSIDE (Pichelstorfer et al., 2018) which accounts for coagulation and wall losses

to cross-check our results (Fig. 4b).

S2 Theory of growth caused by sulfuric acid condensation

Our description of particle growth rates follows the approach of Nieminen et al., (2010), but with a modified kinetic coefficient
(Chan and Mozurkewich, 2001). Accordingly, the particle growth rate (GR) is defined as:



65

70

75

80

85

avy

dd ar 2'k VG,

— p _ _dt _ coll’Vv'“v
GR = T2 = i = e, (S1)

ddp ddp[e p]

where d,,is the growing particle diameter, V, and V,, are the volume of particle and vapor molecule, C, is the vapor monomer
concentration and k.,;; is the kinetic collision frequency between particle and vapor, which is accounted for twice to include
collisions in both ways. The accommodation coefficient is assumed to be unity. We use a collision frequency which allows for
a collision enhancement of neutral vapours and particles due to attractive London-van-der-Waals forces (Chan and
Mozurkewich, 2001):

2
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with k=2 (d, +d,)" - (8’”)1/2 : (L + i) ‘E(w) and kp =2m-(d,+d,) (D, +D,)-E(0) as the kinetic

T my, mp

collision rates for the free molecule and continuum regime, respectively. They depend on the diameters d,, ,, the masses m,, ,,

v/p
and the diffusion coefficients D, ,,, of the colliding vapor molecules or particles, respectively. However, compared to Nieminen
et al. (2010), but include collision enhancement factors due to London-van-der-Waals forces, E (o) and E(0), which can be

linked to the reduced Hamaker constant A" with the parameters a,, and b,,, (Chan and Mozurkewich, 2001):

— A’/3 . 12 . 3 12
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E(0)=1+a,-In(1+4) +a,-In3(1+4"), (S4)

The reduced Hamaker constant relates to the Hamaker constant A, which describes the potential of van-der-Waals forces

between two spherical particles (Hamaker, 1937):
r_ i 4dydyp
KT (dy+dp)’

(S5)

In this study we use this updated condensation equation Eq. (S1) and integrate it numerically over the size interval used for

the determination of the growth rate [d;nic, Afinall:
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S2.1 Assumed properties of the condensing clusters and systematic uncertainties

Eqg. (S6) includes several properties of the condensing vapour. The volume of a monomer can be linked to its molecular mass
and density V;, = m,,/p,,. However, sulfuric acid molecules might co-condense with water, as gas-phase sulfuric acid is usually
hydrated at typical ambient relative humidity (Hanson and Eisele, 2000; Kurtén et al., 2007). The density of the condensing
cluster is described by the macroscopic density of sulfuric acid water solutions (Myhre et al., 1998):

oy w, T)[kg m~=3] = X110 %o py jw' - (T[K] - 273.15)/, (S7)
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where w is the mass fraction of sulfuric acid in solution with (1 — w) water. The coefficients p;; can be found in Myhre et al.
(Myhre et al., 1998). The mass fraction is inferred from the assumed molecular composition of the nucleating clusters.
Therefore, we will also use the mass fraction of w = 98./m,, depending on the vapor molecular mass.

The molecular mass of the condensing sulfuric acid water clusters is not directly measured, as e.g. water might evaporate
inside the nitrate CI-APi-ToF. Any gas-phase sulfuric acid will always exist in a mixture of different hydrated states. Quantum
chemical simulations indicate that the effect of relative humidity on sulfuric acid vapour monomer hydration favours 2 water
molecules attached to the sulfuric acid core molecule at 50% relative humidity (which is chosen to represent our measurements
at 60% and 38% relative humidity) (Kurtén et al., 2007). This will result in a vapour molecular mass of m,, = 134 amu. In the
presence of ammonia, nucleation of this ternary system proceeds with sulfuric acid in excess of ammonia (Hanson and Eisele,
2002): only one ammonia molecule is needed to stabilize a sulfuric acid dimer efficiently, which we also assume to hold true
for larger particle sizes. If per two condensing sulfuric acid molecules, one ammonia molecule is bound to the particle, the
mass per condensing cluster is increased by myy3/2 = 8.5 amu, and hence m, = 142.5 amu for all growth measurements
where ammonia was added to the chamber.

The last property of the condensing vapour for the computation of Eq. (S6) is the diffusion coefficient of sulfuric acid. As also
the diffusion coefficient depends on the degree of hydration of the sulfuric acid molecule, we use relative humidity dependence

of the diffusion coefficient for sulfuric acid as follows (Hanson and Eisele, 2000):

1 (T[K])1'75 . DoDo+PoDy1 K1 RH+DoD2'K1 Ko (RH)?

0, -
D, (RH[%]) = platm] \298 1+K1RH+K1 K5 (RH)?

) (S8)
which includes corrections for pressure and temperature different to the original experimental values. The fitting constants
and the values for the diffusivity of the pure monomer, the singly hydrated monomer and the doubly hydrated monomer (p, Dy,
poD1, poD-, respectively) can be found in Hanson and Eisele (2000). The diffusivity of the growing particles can be described
using their measured mobility diameter and Stoke’s law, including the dynamic viscosity of air n and the Cunningham slip

correction factor C(d,):

KT C(dy)
D, = L=y (S9)

3mndp

Main systematic uncertainties in the estimate of the Hamaker constant might be related to the assumed properties of the
condensing clusters. In order to explore the wide range of systematic uncertainties, we ran the fitting algorithm 10000 times,
randomly assigning different parameters, summarized in Fig. S3. We use with equal probabilities either the pure sulfuric acid
water solution density at the specified temperature (S7), or a combined sulfuric acid, water and ammonia density at 298 K
(Hyvérinen et al., 2005). Also with equal probabilities we use two different approaches for the diffusion coefficient of the
vapour, either Eq. (S8) or the approach of Cox and Chapman (2001). With an equal probability we either use 1, 2 or 3 water
molecules as assumed degree of hydration. Independent of the assumed properties of the condensing cluster is the systematic
uncertainty of the sulfuric acid concentrations, which is estimated by assigning a multiplicative offset to all sulfuric acid

measurements, which follows a lognormal distribution with median 1 and shape parameter o, = 0.5/3, assuring that with
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99.7% probability the resulting systematic sulfuric acid offset is within the interval of +50/-33 %, which represents the
systematic uncertainty in the absolute sulfuric acid calibration (Kirten et al., 2012). Fig. S3 shows that the systematic
uncertainty of the nitrate CI-APi-ToF measurement of H,SOy is by far the largest source of uncertainty in our Hamaker constant

estimate compared to the different approaches for the diffusivity and density of the condensing cluster.

S3 Global model

We implement the results of our growth-rate measurements for sulfuric acid driven growth in a global model (Mann et al.,
2010; Mulcahy et al., 2018), which includes sulfuric acid-water binary nucleation. As we do not observe any significant effect
of ammonia on growth for particles larger than the nucleation size in the model (1.7 nm), we used the same implementation
for growth caused by sulfuric acid for the entire model. However, the model does not include ternary nucleation schemes
(Dunne et al., 2016) and pure biogenic nucleation (Gordon et al., 2016) and will therefore underestimate the impact of
nucleation on the global aerosol and CCN budget. In the model, growth between the nucleation size and 3 nm is treated with
the equation of Kerminen and Kulmala (Kerminen and Kulmala, 2002), which gives the fraction of particles surviving to 3 nm
at a given growth rate and loss rate. Here as a baseline case we use the geometric hard-sphere kinetic growth rate based on
bulk-density (Nieminen et al., 2010) and compare this to the collision enhanced growth, which is a factor of 2.2 higher over
the size-interval between the nucleation size and 3 nm. For larger sizes, aerosol growth in the model is calculated by solving
the condensation equations. Therefore no direct growth parametrization can be altered, but as condensational growth scales
linearly with the diffusion coefficient of the condensing vapour, we increased sulfuric acid diffusion by a factor of 1.8 for
condensation in the nucleation mode (2-10 nm) and 1.3 for condensation in the Aitken mode (10-100 nm). The enhancement
factors are derived according to Fig. 4a for the median diameters of the modes (7.6 and 57 nm respectively) at cloud base level
(1 km). However, this constant factor of increase in diffusion coefficient, and hence flux onto particles, for all particles of the
entire mode, might underestimate the impact of the collision enhancement. Rapid growth is increasingly important for the
smallest particles, which actually have a higher collision enhancement compared to particles with the size of the mode median

diameters.
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Figure S1: Typical experiment. Tyg?cea{rT;ét of experiments at 5 °C and 60 % relative humidiTtl)r/n.e [(Lg)qshows the combined
particle number size distribution measured with a DMA-train from 1.8-8 nm and above 8 nm with a TSI nano-SMPS. (b)
shows the 50% appearance time of each channel measured at diameter da,p, 0f the corresponding mobility sizer in the DMA-
train (blue triangles), and the corresponding linear fits for both growing particle populations in two size intervals, 1.8-3.2 nm
and 3.2-8.0 nm. (c) shows the simultaneously measured trace of sulfuric acid (red line) and ammonia (blue line). Sulfuric acid
is produced by reaction with OH- radicals, which are formed by UV illumination of the chamber and the associated photo
dissociation of ozone at constant ammonia level in the chamber. Different light intensities yield different levels of sulfuric
acid, which in turn, yield different particle formation and growth rates. With increasing sulfuric acid concentrations not only
the particle concentrations get higher but also growth gets faster. This is clearly visible by looking at the leading edge of the
growing population, which can be identified due to short cleaning stages in between the experiments, where wall losses are
increased due to increasing fan speed and lights are turned off. (d) shows the time series of the individual channels of the
DMA-train at the fixed sizes (1.8-8 nm) during the same experiments (black solid lines), together with the sigmoidal shaped

appearance time fits to the data, which determine the 50% appearance times shown in (b).
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Figure S2: Comparison with a previous study. Comparison of the results from this study (filled symbols) with Lehtipalo et

al. (2016) (open symbols) for two temperatures (a) 5 °C and (b) 20 °C. As the size range of the earlier study was smaller (1.5-

2.5 nm), results with low NH3; concentrations are considerably lower than the geometric limit of kinetic condensation (dashed

black line) due to evaporation of sulfuric acid. As soon as ammonia is present in significant amounts, the earlier results agree

well with the expected enhanced kinetic limit of condensation inferred in this study (dashed red line for 1.5-2.5 nm), also

significantly above the geometric kinetic limit of condensation (Nieminen et al., 2010). The enhanced limit corresponding to

the size range of the DMA-train measurements is also shown (red solid line 1.8-3.2 nm). Note that the ammonia measurements

significantly improved between the two studies and that the lowest ammonia levels of the previous study are at the limit of

detection of 35 ppt (green points) and the true value could be considerably lower.
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Figure S3: Modelling of the cluster contribution to growth. Comparison of the growth rate predictions at the kinetic limit
of condensation for three different approaches at a diameter of 2.4 nm and 278.15 K versus sulfuric acid monomer
concentration. The black dashed line shows the geometric limit of kinetic condensation (Nieminen et al., 2010), the red line
and red area show the result of this study and its systematic uncertainty, and the light green line and the dark green dashed line
show the predictions of a model which includes sulfuric acid/ammonia clustering and evaporation (Kdrten, 2019), for 4 pptv
and 2000 pptv ammonia (and assumed sulfuric acid density of p=1.615 g cm), respectively. The additional clustering and
therefore cluster contribution to growth at higher ammonia levels is insignificant in the model confirming that the effect of

hidden sulfuric acid can be neglected for our set of experiments.
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Figure S4: Systematic uncertainty estimate. Results from a Monte-Carlo estimate of the systematic uncertainty of our

10719 1018

Hamaker constant measurement. Every histogram represents the outcome of 10000 Hamaker constant fits to our dataset with

randomly assigned systematic parameters. For every colour other systematic uncertainties are additionally considered. The

systematic uncertainty from the sulfuric acid measurement (the only considered uncertainty in the blue histogram) dominates

the width of all the result distributions. While the water content of the condensing cluster (additionally considered in the yellow

histogram) still broadens and skews the distribution slightly, the effects of different assumptions on the diffusion coefficient

and density of sulfuric acid (additionally considered in the green histogram) are completely negligible. This uncertainty

estimate yields the 68% confidence interval for the Hamaker constant of [2.7 - 10720, 1.5 - 107°] J, however the excellent

agreement of the median of our results 6.6 - 10~2° J with previous measurements (Chan and Mozurkewich, 2001; McMurry,

1980) suggests that the systematic uncertainty of the sulfuric acid measurement could be much smaller than previously

assumed.
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