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ABSTRACT: We investigated the nucleation of sulfuric acid together with two bases (ACIDS : BASES)
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during the charging of the ions or within the first stage of the mass spectrometer, the cluster formation proceeded via essentially one-
to-one acid—base addition for all of the clusters, independent of the type of the base. For the positive clusters, the charge is carried by
one excess protonated base, while for the negative clusters it is carried by a deprotonated acid; the same is true for the neutral clusters
after these have been ionized. During the experiments involving sulfuric acid and dimethylamine, it was possible to study the
appearance time for all the clusters (positive, negative, and neutral). It appeared that, after the formation of the clusters containing
three molecules of sulfuric acid, the clusters grow at a similar speed, independent of their charge. The growth rate is then probably
limited by the arrival rate of sulfuric acid or cluster—cluster collision.

B INTRODUCTION

Formation of new particles from the gas phase, also known
as aerosol nucleation, has been observed in many places around
the world." > It has been estimated that 45% of the global cloud
condensation nuclei (CCN) are derived from nucleation.*®
Despite extensive research, the compounds participating in and
governing this process remain uncertain. The CLOUD experi-
ment based at CERN (Geneva, Switzerland) studies the
nucleation process under variable conditions (temperature,
relative humidity, ion concentration, precursor gas concen-
trations, etc.), which are relevant for the atmosphere. It is
characterized by precise control of condensable vapor concen-
trations at or below atmospheric levels, precise control over ion
pair production and removal, and extensive instrumentation to
measure the number and composition of gases, clusters, and
particles.

Many exgeriments to date have focused on sulfuric acid
(H,80,),°® ammonia (NH;),’"" and dimethylamine (DMA,
(CH,),NH)"? as potentially atmospherically important reagents
for these nucleation processes. Binary homogeneous nucleation
(BHN) of sulfuric acid and water and ternary homogeneous
nucleation (THN) involving ammonia, sulfuric acid, and water
cannot explain the nucleation rates and growth rates observed
in the planetary boundary layer.""'*'* A computational study
suggested that amines are more strongly bound to H,SO,
molecules than NH; and can therefore enhance the neutral
and ion-induced H,SO,/H,0 nucleation in the atmosphere.'®
Further experimental studies showed that dimethylamine could
explain observed ambient nucleation rates, however, only at
locations close to the emission sources of amines."*”

In this study, we focus on the chemical composition of
positively and negatively charged clusters as well as neutral
clusters inside the chamber during the nucleation process. This
was achieved using Atmospheric Pressure interface-Time Of
Flight (APi-TOF) mass spectrometers, with and without a
chemical ionization front end to charge neutral clusters.'® Using
the same instrument, a recent study determined the chemical
composition of the negative ions during experiments involving
sulfuric acid, ammonia, dimethylamine, and oxidation products
of pinanediol.'” The composition of ion clusters of sulfuric
acid and ammonia during nucleation were also recently studied
in detail.®® Another study made in the CLOUD experiment
determined the chemical composition of neutral clusters during a
nucleation experiment involving sulfuric acid and dimethylamine
using a Chemical Ionization APi-TOF (CI-APi-TOF) mass
spectrometer.21

In experiments involving sulfuric acid and bases, the nucleation
mechanism is driven by an acid—base chemical reaction.
Measurements of positive ion clusters from ammonia—sulfuric
acid revealed that n molecules of sulfuric acid and n + 1 molecules
of ammonia compose the most stable positive clusters.”> The
bond energy of sulfuric acid ammonia clusters was also calculated
from the fragmentation energy. It was found that fragmentation

of these clusters occurs by two pathways: either the clusters lose
ammonia and sulfuric acid sequentially or the clusters lose
directly one molecule of ammonium bisulfate.'® The stability of
clusters of sulfuric acid with ammonia and/or dimethylamine is
also an active field of research in computational chemistry.*>**

All of these studies suggest a particular cluster composition
during nucleation experiments involving acids and bases.
However, there is no work in the literature systematically
exploring the composition for neutral and charged clusters of
both polarities. Here we compare measurements of negatively
and positively charged clusters as well as neutral clusters for BHN
and for THN, where the latter includes two different bases
(ammonia and dimethylamine).

B EXPERIMENTAL METHODS

These experiments were conducted at the CLOUD chamber at
CERN. The chemical composition of the positive, negative, and
neutral clusters during nucleation experiments involving sulfuric
acid, ammonia and dimethylamine was retrieved using three
different APi-TOF (see Supporting Information and literature
therein). Table 1 gives an overview of the nucleation experiments
that were chosen for this cluster intercomparison. For each set of
conditions that resulted in a certain composition of the clusters,
we chose the experiment with the best quality of signal for all the
instruments. When ammonia and DMA were intentionally
added, the concentration of the base was always in excess com-
pared to sulfuric acid. This is principally because it is very difficult
to inject or to measure base concentrations that are below a few
parts per trillion by volume.

B RESULTS

This work describes the cluster composition of experiments
involving an acid—base nucleation mechanism, where the acid
is always H,SO, and the bases are NH; and DMA. The
experiments and the composition of the ion clusters, in particular
negative clusters, and some neutral clusters have been described
elsewhere.' 119721 Here, we present, for the first time to our
knowledge, a comprehensive analysis for clusters of all polarities
during new-particle formation, including neutral clusters.

Raw Mass Spectra for the Positive lons. We studied BHN
involving H,SO, and H,0 and THN adding either ammonia
(a weak base, proton affinity of 853.6 k] mol ™) or dimethylamine
(a stronger base, proton affinity of 929.5 kJ mol™) as well as
mixtures of the two bases.”> Figure 1 shows the mass spectra of
the positive ions for these four types of experiments. For all of the
data presented here, SO,, O;, and H,0O were added to the
chamber, and nucleation was triggered by switching on the UV
light; photolysis of Oj; in the presence of H,O produced OH
radicals, which oxidized SO, to H,SO,. Once a sufficiently high
sulfuric acid concentration was reached, nucleation occurred.'
An important feature of the CLOUD chamber is that the lifetime
of low-volatility vapors due to chamber wall loss (~10 min)"" is
similar to that found in the atmosphere,*® and so vapors and
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Table 1. Overview of Experiments”

run no. run type [O;] (ppbv) [SO,] (ppbv)
1016.01 GCR 85 62
1027.03 GCR 13 62
1042.01 Beam 23 62
1047.01 Neutral 90 62
1056.07 Beam 25 72

[NH;] (pptv)

18
11
<S
13
)

[C,H,N] (pptv) [H,S0,] (cm™) Ji7 (em™s7")

<5 1.7 x 10 71.3

7 9.3 x 10° 3.8

20 4.5 x 10° 163.6
20 2.9 x 107 346.9
<5 3.4 x 107 104.28

“The run type describes the ion concentration conditions in the chamber (Neutral, no ions; GCR, ca. 400 ion pairs cm ™ formed by natural galactic
cosmic rays; Beam, ca. 3000 ion pairs cm™>, mainly produced by the pion beam from CERN’s proton synchrotron). Note that the detection limit for
the DMA measurement was higher in these experiments than in previous ones,”” due to increased electrical noise. For a better comparison in all of
these experiments, both temperature and relative humidity were kept constant at 5 °C and 38%, respectively.
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Figure 1. Mass spectra recorded with the APi-TOF(+) showing the positive ions of four nucleation experiments with different precursors. (A) Pure
sulfuric acid, (B) with sulfuric acid and ammonia, (C) sulfuric acid and dimethyl amine (DMA), and (D) nominally pure sulfuric acid with impurities of
ammonia and DMA from previous experiments. The silicone-related peaks in panel A are instrumental artifacts.

small clusters reach steady-state levels and experience condensa-
tional loss comparable to the real atmosphere.”®*’

Figure 1A presents the mass spectrum of an experiment
involving H,SO, and H,O. However, even though the negative
spectra showed sulfuric acid clusters containing up to 20 H,SO,,
molecules, the APi-TOF(+) did not see any clusters; all of the
main peaks consisted of impurities. The reason for this is the low
proton affinity of H,SO, clusters. Therefore, impurities present
at extremely low concentrations but with a much higher proton
affinity than sulfuric acid dominated the positive spectra; the
positive charge had to go somewhere. The most intense peaks of
the spectra were protonated pyridine (C;HgN*), other amines in
the m/z range between 50 and 200, and polydimethylsiloxane
peaks between 500 and 800. The polydimethylsiloxane peaks
are instrumental artifacts, but they are useful peaks for mass
calibration in the high m/z range. Figure 1B shows the positive
mass spectrum during a nucleation experiment involving
ammonia and sulfuric acid (run 1016.01). It is well established
that ammonia can enhance the nucleation by 1 or 2 orders of
magnitude compared to a pure H,SO,—H,0 experiment.”"!
The mass spectrum is simple and contains only a few evenly
spaced peaks, which are mostly composed of only H,SO, and
NHj;, with the exception of pyridine at the lower end of the
spectrum. Figure 1C shows a nucleation experiment with sulfuric
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acid and DMA (run 1027.03). Also in this case, almost all of the
peaks consist of H,SO, and DMA, and the spectrum is even
cleaner than in the NHj; case.

Following this set of experiments, only sulfuric acid was
injected into the chamber. However, in spite of an overnight
cleaning cycle (100 °C for 12 h), ammonia and DMA remained
as impurities in the chamber, due to wall adsorption during the
previous experiments, resulting in low (below S pptv, the
detection limit of the ion chromatograph)®” but still appreciable
concentrations of NH; and DMA. Consequently, the nucleation
rate found in subsequent experiments was much higher than for
the pure BHN experiments in the beginning of the campaign.
The APi-TOF(+) spectrum for this case is presented in Figure 1d
(run 1056.07). Due to the low base concentrations, there are
again substantially more impurities seen. However, all of the
peaks that appear during nucleation consist of H,SO, and bases
(either NH; or DMA or both). This demonstrates the critical
importance of composition measurements during these experi-
ments. Further details will be given in the discussion below.

Ammonia—Sulfuric Acid Experiments. A revealing way to
present a mass spectrum is the mass defect plot."”*° In those
plots, the abscissa represents the measured m/z of the com-
pounds and the ordinate their mass defect, which is the difference
between the accurate mass and the nominal mass (e.g, the
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Figure 2. Mass defect plots of the positive ions (A) and negative ions (B) during an experiment where sulfuric acid and ammonia were present in the
chamber (run 1016.01). The integration time for this experiment is 180 min. The size of the symbols is proportional to the number of ions per cubic
centimeter. Cyan circles represent clusters that are composed of sulfuric acid and ammonia; the red circles represent clusters that are only composed of
sulfuric acid and related molecules (i.e,, SOs~, HSO,~, HSO;~, etc.). The black lines that are drawn in both plots show clusters that are growing by a 1:1
acid-to-base addition. In the positive ions, the first cluster consists of one molecule of H,SO, and two of ammonia plus a proton (1:2), whereas in the
negative ions the first cluster to include ammonia is the sulfuric acid tetramer (4:1). The light blue negative cluster close to the pure sulfuric acid trimer is

formed by two molecules of sulfuric acid, one of ammonia and SO;".

exact mass of oxygen '°0 is 15.9949 Da and its mass defect is
thus —0.0051 Da). In these plots, the symbol size is proportional
to the peak intensity.

Figure 2 shows a comparison of the mass defect plots for
the positive and negative ions for an H,SO,—NH; experiment.
Almost all of the ions are clusters composed of ammonia and
sulfuric acid in the positive spectrum (panel A), with the
exception of some minor peaks from impurities (mainly all
identified) in gray color. Starting from the left of the mass
spectrum, the first peak colored in cyan is composed of one
molecule of H,SO, and two molecules of NH; with an additional
proton (H*). Following the black line, the compounds are
formed by a near simultaneous addition of one sulfuric acid and
one ammonia molecule.

The general formula for all of the main peaks in Figure 2A
falling on the black line is (H,SO,),(NH;),,;H". A recent
thermodynamic study shows that, according to quantum
chemical calculations, the most stable positively charged sulfuric
acid—ammonia clusters are those with this stoichiometry.>!
However, we cannot exclude evaporation inside the mass
spectrometer inlet (see Supporting Information). There are
also some small cyan peaks shown just below the black line.
These peaks are also composed only of H,SO, and ammonia, but
their stoichiometry differs slightly: (H,SO,),(NH,),H*. The
positive ions suggest that the cluster growth mechanism is
essentially a 1:1 addition of H,SO, and NHj. In this experiment,
the gas phase ammonia levels exceeded the sulfuric acid level,
and therefore growth may have occurred by either the addition
of sulfuric acid followed almost immediately by the addition of
ammonia or by the addition of preformed neutral (H,SO,),(NH;),
clusters. However, these clusters are not so stable as suggested by
the thermodynamic calculations.”>>* The weak signal with one less
ammonia than standard is consistent with the first mechanism.

The negative clusters in Figure 2 (panel B) show similar
features. The first negative clusters from the left (red dots) are
composed only of sulfuric acid (monomer m/z 97, dimer m/z
195, trimer m/z 293, and tetramer m/z 391); however, larger
pure sulfuric acid clusters are absent. This can be explained by the
fact that the bisulfate ion is a Lewis base; thus it is able to stabilize
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the sulfuric acid cluster in a similar way to other bases such as
ammonia and amines.*® Small clusters with only a few sulfuric
acid molecules allow for only one stabilizing base, while for large
clusters more bases are possible. In the case of ammonia and
amines, additional base molecules can be added to the cluster, but
in the case of the bisulfate ion, the addition of a second bisulfate
ion is not possible due to electrostatic repulsion, so in this case,
the second base added to the cluster is ammonia.>' All of the
clusters larger than 400 Th are composed of H,SO, and NHj.

While in positive clusters the protonated base always carries
the charge, in the negative case every type of cluster gets its
charge from two different compounds: HSO,~ or HSO~.*° Also,
for the negative ions, the ratio between H,SO, and NHj is close
to one, but the distribution of the clusters is broad, whereas in
the positive case the distribution is very narrow. For example,
the negative clusters containing eight H,SO, molecules have
two to seven NH; molecules. The main sequence, marked
with a black line, has the formula (H,S0O,),(NH;),_;HSO,” or
(H,S0,4),(NH;),_sHSO;™. This is again consistent with
growth governed by sulfuric acid addition but a broader
stability range for base (ammonia) content.

One of the possible reasons for the wider distribution of
negatively charged clusters compared to positively charged
clusters may be the greater stability of clusters with the same
number of sulfuric acid molecules but different numbers of
ammonia molecules for negatively charged sulfuric acid—
ammonia clusters compared to the positively charged ones. For
example, in the case of (H,SO,),(NH;),HSO,” clusters, the
most stable one has 11 = 3 (ke = 6.9 X 107 s71), but clusters
with 7 = 1 or 2 are relatively close in stability (K, = 1.2 s~ and
Keyap = 2.5 X 107! s7Y, respectively), while when # = 4, the number
of bases in the cluster (counting also HSO,™ as a base) is larger
than the number of acid molecules and the cluster becomes less
stable (k,,, = 2.3 X 10° s71).*" In the case of positively charged
clusters, the difference between the most stable cluster for a
certain number of sulfuric acid molecules and the rest is larger.
For example, in the case of (H,SO,),(NH;),NH," clusters, the
most stable cluster is the one with 11 =2 (ko,,, = 1.7 X 107°s7"). In
this case, the cluster with the second highest stability is the one
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Figure 3. Mass defect plots of the positive clusters (panel A, run 1027.03), neutral clusters (panel B run 1047.01) and negative clusters (panel C run
1027.03) during an experiment where H,SO, and DMA were present in the chamber. The mass spectra are all integrated for 120 min. The size of the
peaks is proportional to the number of ions per cubic centimeter. The pink color represents clusters that are composed of H,SO, and DMA. The red
color represents clusters that are only composed of sulfur species. The blue color shows all the clusters that contain NH;, H,SO,, and DMA. The black
dots in panel B are nitrate clusters that are the primary ions of the CI-APi-TOF. The black line shows the clusters that grow with a 1:1 acid base addition.
Symbols with arrows are examples for clusters where bisulfate is substituted by nitrate in the CI process.

withn=1k,,,=8.0X 107's71); clusters with n = 0 and 3 are less
stable (k

evap = 1.8 X 10% s7! and Kevap = 1.2 X 10* 57", respec-
tively).>" It is important to recall that cluster formation is a kinetic
process, where the cluster distribution depends not only on the
stability of different clusters but also in the concentration of the
precursors, with higher ammonia concentrations resulting in a
higher NH;/H,SO, ratio in the clusters.””>* Furthermore,
there are additional factors that might affect the observed cluster
distribution, like the possible loss of weakly bound molecules
from the cluster inside the instrument, or the existence of a
kinetic barrier for the incorporation of ammonia.'® For example,
in the case of the negatively charged pentamer discussed above,
the most stable cluster contains three ammonia molecules, while
the most abundant negatively charged pentamer observed con-
tains one. However, evaporation inside the instrument cannot be
excluded.

Another interesting issue found using an instrument
measuring the hygroscopic properties of nucleated particles is
that, when ammonia is present in excess, sulfuric acid is almost
always completely neutralized (1:2 acid/base ratio) by the time
particles grew to 20—50 nm diameter during nucleation events,
typically as ammonium sulfate.>* The gradual addition of extra
base molecules likely represents the onset of this change in
composition, but the transition from a bisulfate composition for
the smallest clusters to a sulfate composition for larger particles
has yet to be completely explained.

Dimethylamine—Sulfuric Acid Experiments. DMA is a
much stronger base than NHj;, and the nucleation rates with
DMA were much higher than in the NH; experiments.'® These
experiments have much higher steady-state concentrations of
small particles than the NH; experiments. This is because the
steady-state cluster concentrations are controlled in part by loss
via condensational growth, and for a comparable nucleation rate
the DMA experiments have significantly lower sulfuric acid vapor
concentrations, lower growth rates, and thus higher concen-
trations of individual clusters. This leads to a better signal-to-
noise ratio, which is fundamental for the detection of neutral

clusters with the CI-APi-TOF. These peculiarities are also the
reason why it is possible to study the cluster time evolution
shown below. Unfortunately, it was not possible to retrieve the
chemical composition of the neutral clusters in the NHj case. As
noted above, the formation rate of new particles, at the same
sulfuric acid concentrations, is much higher in the presence of
DMA than with NH;. Another possibility is that the H,SO,—NHj,
clusters fall apart after the collision with the primary ions, while in
the dimethylamine case, this does not happen due to the high
stability of those clusters. However, the negative APi-TOF
composition as well as direct observation of neutral H,SO,—NH;,
at higher vapor concentrations make this unlikely.*®

In Figure 3, we show three mass defect plots from nucleation
experiments with DMA and H,SO,. The positive and negative
ions are from the same experiment (pion beam run 1027.03),
while for the CI-APi-TOF a run with the clearing field on was
used where all of the clusters in the chamber were neutral (run
1047.01).

Panel A in Figure 3 shows the positive ions, which strongly
resemble those in the ammonia case. The only difference is that
NH; is replaced by DMA. The main clusters are located along the
black line and have the same general formula as in the ammonia
experiments: (H,SO,),((CH;),NH),,;H". It should be noted
that the peaks related to impurities in the ammonia experiments
are not present anymore or are at very low intensity. The most
probable reason for this discrepancy is that the proton affinity
of DMA is higher than that of ammonia. This means that
impurities are less likely to acquire and keep a positive charge. As
an example, it can be seen that during the nucleation experiments
with DMA the pyridine peak is much smaller. Unlike the NH;
case, there is only one cluster where the number of acids and
number of bases is the same. This is the cluster at 289 Th
(2 sulfuric acid and 2 DMA molecules). On the other hand,
above 600 Th, there are many clusters containing one extra
DMA, which is not observed in the ammonia experiments. The
possible explanation is that sulfuric acid—DMA clusters with
two more DMA than sulfuric acid molecules are relatively stable;
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Figure 4. Mass defect plots of the positive clusters (panel A) and negative clusters (panel B) during an experiment where only SO,, O3, and H,O were
intentionally added to the chamber, but previously added NH; and DMA were still present as contaminants/impurities (run 1056.07). The integration
time for these mass spectra is 180 min. The size of the peaks is proportional to the number of ions per cubic centimeter. The pink color represents
clusters that are composed of H,SO, and DMA; the red colors represent clusters that are only composed of sulfur species; the cyan color represents
H,SO,—NH,; clusters, and the dark blue color represents clusters that contain H,SO,, NH;, and DMA. In addition to these clusters, there is another
family of clusters characterized by the green color. These clusters contain H,SO,, NH;, DMA, and pyridinium (C;HGN") as a charged ion.

for example the (H,SO,),((CH,;),NH;),H* cluster has an evapora-
tion rate of 1.4 X 107 s>

Panel C in Figure 3 shows the chemical composition of the
negative ions for the same experiment (run 1027.03). Also in this
case, the first clusters appearing are formed by pure H,SO, where
the charging ions can be SO;~, HSO,~, or HSO;~, while in the
NH, experiments there were only two charging ions (HSO, ™ and
HSO;™). Therefore, the mass defect plots in the DMA case are
more complex than in the NHj case. The first cluster containing
DMA is formed by three acids and one DMA, while in the NH;
case four acids are needed before a base is detected in the
negative clusters. After that, the growth proceeds with a 1:1
addition of H,SO, and DMA. As with ammonia, the negative
peaks show a variety of acid/base stoichiometric ratios but with
an increasing number of base molecules per acid with increasing
cluster size.

Panel B in Figure 3 shows the composition of the neutral
clusters. These clusters were ionized by a reaction with a primary
ion (HNO;)(_,NO;™ in the chemical ionization unit as ex-
plained before. Once these clusters are ionized it is remarkable
that the composition of negative and neutral clusters is practically
the same. Besides the difference of the two systems, the mech-
anism leading to the negatively charged ions in the chamber is
similar to the charging process of the neutral clusters in the
chemical ionization unit.

It is also important to note that charging of a neutral cluster
leads to the evaporation of base molecules for the smallest
clusters.>" This effect has been observed for neutral nucleating
clusters measured with the CI-APi-TOF in the system of sulfuric
acid and dimethylamine.”'

Dimethylamine—Ammonia—Sulfuric Acid Experiments.
Figure 4 shows the chemical composition of the ions for an
experiment involving H,SO,, NH; and DMA clusters. As
mentioned above, no bases were intentionally added in this
experiment, but the chamber still contained traces of them from
the previous experiments. Once again the positive ions (panel A)
show similar features, with a 1:1 acid—base addition. The general
formula for the main peaks is (H,SO,),(Base),.,;H*, where Base
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indicates either NH;, ((CH,),NH), or CsH(N (pyridine). How-
ever, there are different types of clusters. As before, the clusters
marked in cyan are only composed of H,SO, and NH;, and the
pink clusters are only composed of sulfuric acid and DMA (same
as the previous experiments). In addition to these two types, all of
the other growing clusters are formed by H,SO, and a com-
bination of NH; and DMA (blue dots).

The data in Figure 4 underline once more that in these
experiments the main mechanism for new-particle formation is
an acid—base reaction. However, in this run, a new type of cluster
appeared. These clusters are composed of the same compounds
as the clusters marked in blue, but they contain in addition one
molecule of pyridine (green color). During this experiment, the
protonated pyridine (pyridinium) was present at a relatively high
concentration. In the APi-TOF range, it is the most abundant ion
present in the positive mode (first green dot on the left of the
mass spectrum). The most likely explanation is that the other
bases were present at much lower concentrations than in the
previous experiments. This low competition situation allows
pyridine to get protonated. These data show that pyridinium is
able to charge the neutral SA-DMA-NH; clusters, without
playing a role in the growth process. One possible explanation is
the steric hindrance of pyridine that does not allow another
pyridine to join the cluster. In this type of experiment, the
positive ions are not anymore dominated by the nucleating acid
base clusters; there are also alot of ions that do not participate in
the particle growth process. These are probably ions that are
present as contaminants, and they are at low m/z (gray color).

Regarding the negative ions (panel B), the cluster formation is
driven by H,SO,, NH; and DMA. Here, numerous pure
H,SO,—NH,; clusters and also more H,SO,-DMA clusters than
in the positive case are present, but the clusters that grow all the
way to the upper end of the spectra are composed of H,SO,,
NHS,, and DMA (blue dots). Once again, the nucleation process
is essentially driven by a 1:1 acid—base addition. The only
difference is that pyridine is absent in the negative ions. This can
be another indication that pyridine is not helping the growth of
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Figure S. Time evolution of cluster concentrations (normalized to the steady-state level) during an experiment with sulfuric acid and dimethyl amine
(panel A and B, run 1042.01). For the time-evolution analysis, spectra were averaged in 30-s intervals. The black line at 5:15 pm shows the time when the
light was switched on. The rising before this point is due to the smoothing. Panel A shows the comparison between positive ions (dotted line) and the
neutral clusters (solid line) and panel B the comparison between negative ions (dotted line) and neutral clusters (solid line). Panel C shows the
molecular weight of the clusters (a.m.u.) retrieved by APi-TOF versus time, based on the 50% appearance times from the left-hand panels using the three
different mass spectrometers. To give an estimate of the size of these clusters, we added a second axis showing the approximate mobility diameter (blue),
which was calculated using a density of 1600 kg/m? and following a method used previously. Each dot in the right panel corresponds to one series of
cluster (e.g., all the clusters containing six sulfuric acid molecules). The error bars (16) are calculated based on the effect of the choice of the steady state
level on the 50% appearance time and are indicative for all three mass spectrometers.

the particles, but it is just the charging ion that allows a neutral
cluster to be detected by the APi-TOF(+).

Appearance Time of Freshly Nucleated Clusters. As
mentioned above, for the experiments with DMA, the signal-to-
noise ratio was very good for all three instruments. Integration of
the mass spectra over just 30 s yielded a suitable signal, which
allowed us to track the time evolution of the clusters. These
results provide additional information about the possible
mechanisms involved in the nucleation and growth process for
the ions and the neutral clusters. Appearance times were also
presented for nucleation experiments involving sulfuric acid and
oxidation products of pinanediol.”” Figure 5 shows the time series
of the main clusters in an H,SO,-DMA experiment. Panels A and
B compare the appearance times of the negative and positive
ions, respectively, with that of the neutral clusters (all from run
1042.01). All traces are normalized to their (long time) steady-
state levels, and the appearance time is defined as the time when
the signal reaches 50% of its steady-state value. The notation SA1,
SA2, SA3, SA4, SAS, SA6, and SA7 refers to the number of sulfuric
acid molecules that are present in the clusters. For example, SA6 is
the sum of the signal of all clusters containing six sulfuric acid
molecules considering HSO,™ as one molecule of sulfuric acid.

The formation of these clusters starts with the onset of
photochemistry, which triggers the oxidation of SO, to H,SO,.
Therefore, the first peak that rises is from neutral sulfuric acid
(red solid line). The acid forms an adduct with DMA and more
sulfuric acid molecules are added sequentially. As expected,
clusters containing n + 1 H,SO, molecules always follow directly
to the clusters containing n H,SO, molecules. However, there are
some differences in the time evolution of these clusters.

In this experiment, the appearance time of the growing cluster
is governed by the collision rate of H,SO,, since DMA is in excess

13681

(100 times higher than SA) and attaches at a much shorter time
scale.!

While positive and neutral clusters have apparently similar
time evolution from the formation of the first cluster onward, the
negative ions behave quite differently. Once the first negative
cluster (HSO,™) is formed, the negative ions appear relatively
quickly until they contain three molecules of sulfuric acid (SA3).
This high initial appearance rate is not seen in the positive ions.
After the formation of SA3, however, it is important to note that
the growth rate (amu/min) is practically the same for the three
different instruments. This suggests that the growth process is
kinetically limited by the arrival rate of sulfuric acid as shown by
Kiirten et al. for the neutral clusters.”" It is expected that the ions
have a much higher collision rate than neutrals; however this is
not seen in these data except for the smallest negative clusters.
One possible reason is that the ion enhancement of the collision
rates decreases rapidly with the size of the clusters.*® Formation
of neutral clusters by ion—ion recombination is another possible
explanation.39 Also, steady-state appearance times will be close
together when there is significant evaporation limiting cluster
lifetimes. Finally, it should also be noted that Kiirten et al. [ref 21]
included an enhancement factor of 2.3 due to London—van der
Waals forces™ for the collision rate of neutral SA-DMA clusters,
which leads to an overall collision rate on the order of 10~ cm®s™".
This is close to the ion-neutral molecule collision rate.

Looking at the difference between positive and negative ions, it
could be speculated that, since the positive ions containing n
molecules of sulfuric acid appear at the same time as negative
clusters containing n + 1 molecules of sulfuric acid, the positive
clusters lose one molecule of sulfuric acid once they enter
the APi-TOF. This would imply that a measured positive cluster
like (H,S0,),(C,H,N),C,H{N* would have been formed from
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(H,S04),.,1(C,H,N),C,HgN*. However, quantum chemical
calculations show that these clusters with an extra sulfuric acid
are much less stable.>" Another explanation could simply be that
it needs only two collisions of H,SO, with HSO,™ to form the
negative SA3, while to form the positive SA3, three molecules of
sulfuric acid must add to DMAH".

In summary, we investigated the nucleation mechanism of
sulfuric acid with nitrogen bases looking at the chemical com-
position and the appearance time of the growing clusters in the
CLOUD chamber. This is the first study we are aware of com-
paring the composition of positive, negative, and neutral clusters
in parallel. We measured the growth process of clusters formed
from a proton donor (acids) and proton acceptor (bases) by
three mass spectrometers to observe the same process from
different perspectives. This gives us much more confidence in the
understanding of the nucleation process where acids and bases
are involved. In the case of acid—base nucleation, the mechanism
driving the growth of clusters is the addition of acids and bases at
a close to 1:1 acid—base ratio. These results are confirmed by
data for positive, negative, and neutral clusters. This feature also
occurs with all bases used in these experiments even when it was a
mixture of them. During the experiments with H,SO, and DMA,
it was possible to not only study the chemical composition but
also follow the time evolution of the cluster appearance with
a time resolution of 30 s. It was observed that clusters of all of
the polarities grow at a similar rate; however there are small
differences in the formation of the smallest clusters (up to the
clusters containing three molecules of sulfuric acid) where the
negative clusters appear more quickly.
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