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Abstract. Sulfuric acid clusters stabilized by base molecules1 Introduction

are likely to have a significant role in atmospheric new-

particle formation. Recent advances in mass spectrome-

try technigques have permitted the detection of electrically

charged clusters. However, direct measurement of electriAtmospheric aerosol particles affect climate both directly
cally neutral clusters is not possible. Mass spectrometry in2nd indirectly (IPCC, 2007; Merikanto et al., 2009). One of
struments can be combined with a charger, but the possibIEhe less understood aerosol related processes is the forma-
effect of charging on the composition of neutral clusters musttion of new particles from condensable vapors in the atmo-
be addressed in order to interpret and understand the me&pbhere. The participation of sulfuric acid in this process is
sured data. In the present work we have used formation fre§lear (see, for example, Sipilé et al., 2010), but sulfuric acid
energies from quantum chemical methods to calculate thé@n its own cannot explain the new-particle formation rates
evaporation rates of electrically charged (both positive andobserved during different field campaigns. It has long been
negative) sulfuric acid—ammonia/dimethylamine clusters. Toknown that sulfuric acid clusters need to be stabilized to be
understand how charging will affect the composition of elec-able to form aerosol particles. The identity of these stabiliz-
trically neutral clusters, we have compared the evaporatiorid compounds has been the subject of several studies during
rates of the most stable neutral clusters with those of the corthe recent years. Ammonia has been one of the most stud-
responding charged clusters. Based on the evaporation raté®d candidates to stabilize sulfuric acid clusters (Weber et
of different molecules from the charged clusters, we deter-al-, 1996, Merikanto et al., 2007; Benson et al., 2010). Re-
mined the most likely resulting cluster composition when a cent results from the state-of-the-art Cosmics Leaving Out-
stable neutral cluster is charged and the molecules with th&loor Droplets (CLOUD) experiment at CERN (Kirkby etal.,
highest evaporation rates are lost from it. We found that all of2011) have shown that, although the presence of ammonia
the most stable neutral clusters will be altered by both pos£an enhance the observed particle formation rate, the rates
itive and negative charging. In the case of charging clusterdneasured in the experiment are still far from those observed
negatively, base molecules will completely evaporate fromin the atmosphere. Organic compounds, especially organic
clusters with 1 to 3 sulfuric acid molecules in the case of am-Nitrogen bases such as amines, have become the strongest
monia, and from clusters with 1 or 2 sulfuric acid molecules candidate to explain observed formation rates. Makela et al.
in the case of dimethylamine. Larger clusters will maintain (2001) reported the presence of amines in particles during
some base molecules, but the$0,: base ratio will in- new-particle formation events. Different quantum chemical
crease. In the case of positive charging, some of the acigtudies have shown that amines stabilize sulfuric acid clusters

nen et al., 2010; Nadykto et al., 2011). This is supported
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by atmospheric and laboratory measurements (Smith et alto the ambient atmosphere. Thus, while water molecules con-
2010; Zhao et al., 2011; Almeida et al., 2013). tinue evaporating from the clusters (the evaporation rate is
The main problem in understanding new-particle forma-independent of the vapor concentration), the collision rate
tion is that the key steps occur in small molecular clusters,of water molecules with the clusters drops dramatically. In
below 1.5nm in diameter (see, for example, Kulmala et al.,other words, the atmospheric hydration equilibrium is not
2013). Recent developments in cutting-edge high-resolutiormaintained, and the clusters rapidly lose water in the instru-
mass spectrometry have enabled the chemical characterizasents. The timescale for this water loss corresponds to the
tion of charged clusters from the molecular scale upwardinverse of the water evaporation rates, and is typically on the
(Junninen et al., 2010; Ehn et al., 2011; Kirkby et al., 2011;order of micro- or nanoseconds — much shorter than the typ-
Kulmala et al., 2013). These measurements can only providécal total residence time in the instrument. For this reason,
the elemental composition of the detected clusters, whicthydrated clusters are, except for a few very strongly bound
makes it impossible to distinguish between different com-cases such as HGO H,0, seldom observed in mass spec-
pounds with the same elemental formula. For example, thérometric experiments at anywhere close to room tempera-
compound with the elemental formulgi@;N can be either ture. Therefore, studying the dry clusters is appropriate for
dimethylamine (CHz)2NH) or ethylamine (CHCH;NH>). understanding the effect of charging on cluster composition
In addition, these measurements alone yield no informatiorinside measurement instruments, even when the clusters are
on the composition of neutral clusters. A charger can beextensively hydrated before entering the instruments.
included in front of the mass spectrometer (Jokinen et al.,
2012), but depending on the charging mechanism used in the
instruments, some cluster types may not be charged, othe®s Methodology
may be broken up and others may be chemically completely
altered by the process (Kurtén et al., 2011; Kupiainen-Maattdn this work we have used the formation free energies calcu-
et al., 2013). Furthermore, clusters sampled by the atmotated in our previous works (Kupiainen et al., 2012; Olenius
spheric pressure interface time-of-flight mass spectrometeet al., 2013a, b) using a multistep quantum chemical method
(APi-TOF-MS) pass through a low-pressure interface, wherg(Ortega et al., 2012). The geometry optimizations and fre-
loosely bound molecules can evaporate from the clusters. Imuency calculations were performed with the Gaussian09
addition, high-energy collisions with gas molecules inside program (Frisch et al., 2009) using the B3LYP hybrid func-
the instrument can also affect the composition of the detectedional (Becke, 1993) and a CBSB7 basis set (Montgomery
clusters. et al., 1999), and a single-point electronic energy was then
In the present work, we have used the formation free enerealculated with the TURBOMOLE program (Ahlrichs et al.,
gies from our previous quantum-chemistry-based works (Ku-1989) using the RI-CC2 method (Héttig and Weigend, 2000)
piainen et al., 2012; Olenius et al., 2013a, b) to calculate theand an aug-cc-pV(Fd)Z basis set (Dunning et al., 2001).
evaporation rate of charged sulfuric acid—ammonia and sul\We will refer to this method as B3RICC2.
furic acid—dimethylamine (DMA) clusters. We present a de- In a previous study (Ortega et al., 2012) we compared the
tailed analysis of the stability of charged clusters with differ- results obtained with the B3RICC2 method with those of the
ent compositions. In addition, we compare the evaporatiorhigh-level multistep method CBS-QB3 (Montgomery et al.,
rates of the most stable electrically neutral clusters (Ortegd 999). The agreement between these two methods was very
etal., 2012) to those of the corresponding charged clusters igood (with an average difference of 0.74 kcal m9l Later
order to determine how the charging process will affect thework by Leverenz et al. (2013) has shown that B3RICC2
composition of the neutral clusters. somewhat overestimates the binding of sulfuric acid—-DMA
In the atmosphere, water vapor is always present and thelusters compared to higher level methods. On the other
clusters are likely to be hydrated to some extent. In this studyhand, the experimental results of Almeida et al. (2013) con-
however, we focus on the more simple case of dry clusters tdirm our finding that DMA stabilizes sulfuric acid dimers sig-
gain a general understanding on the dependence of the optiificantly more strongly than ammonia.
mal acid : base ratio on charging state. As water can act both Unfortunately, the Gibbs formation free energies of the
as a weak acid and a weak base, it may complicate mattenseutral clusters studied here have not been determined ex-
slightly, but while it changes the effective evaporation ratesperimentally. Present experimental techniques to estimate
of clusters (Paasonen et al., 2012; Almeida et al., 2013), ithe Gibbs formation free energies are based on mass spec-
is unlikely to have a strong impact on the ratio of strongertrometry measurements, and thus only charged clusters can
acid and base molecules in the most stable clusters. Furthebe studied. This leaves theoretical methods, of which quan-
more, one of the main goals of this study is to understand howtum chemistry is currently the most accurate method, as the
the charging process affects cluster composition inside measnly way to determine Gibbs formation free energies of neu-
surement instruments. Within these instruments, the clustersal clusters. Experimental Gibbs formation free energies ex-
are almost always subjected to low-pressure environmentdst for some of the charged clusters studied in this work
where the absolute water concentration is very low comparedFroyd and Lovejoy, 2003, 2012). For these cases a direct
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comparison between quantum chemical and experimental re4 Results
sults is possible.

The evaporation rate of a certain molecule or cluster,Figure 1 shows the structures of the most stable clus-
Ni(y:), from the clusterN;; is related to the Gibbs for- ters with one to four (or five in the case of pure sul-
mation free energies through the equation (see, for examplduric acid and ammonia-containing clusters) sulfuric acid

Ortega et al., 2012, and references therein) molecules for (a) negatively charged sulfuric acid clus-
ters, (b) negatively charged ammonia-containing clusters,

AG (Nigj) — AG (N;) — AG (N;) (c) negatively charged DMA-containing clusters, (d) pos-
vi(Nigj) =B ijcmfexP?( kT ) @ itively charged ammonia-containing clusters and (e) posi-
tively charged DMA-containing clustersyz coordinates for

where g;; is the collision rate of N; with Nj; all clusters included in the study are provided in the Sup-
AG(Ni1+j),AG(N;) and AG(N;) are the Gibbs free plement). Note that in the case of negatively charged base-
energies of formation of clusterd; ;. N; and N; from  containing clusters, the “most stable cluster” refers to the
monomers at the reference vapor concentratigm k is the ~ most stable cluster with at least one base molecule, not to
Boltzmann constant and@ is the temperature. It must be the most stable negatively charged cluster overall. Nega-
noted that in the case whelg and/orN; are/is monomers/a tively charged DMA-containing clusters must contain at least
monomerAG (N;) and/orAG (N ) arelis by definition zero.  three sulfuric acid molecules (including the bisulfate ion)

The collision rate of a charged cluster with a neutral to have a low enough evaporation rate to be abundant un-
molecule or cluster was calculated according to the parameer atmospheric conditions, while in the case of ammonia-
eterization of Su and Chesnavich (1982) that takes into aceontaining clusters, four sulfuric acid molecules (including
count the dipole moment and polarizability of the neutral the bisulfate ion) are needed. For negative clusters contain-
species. This parameterization was chosen based on the wonkg four acids and either DMA or ammonia, the most sta-
by Kupiainen-Maatta et al. (2013) and its good performanceble clusters contain two base molecules. The second DMA
in reproducing observed experimental collision rates (Vig-molecule accepts a proton from the Hs@n, forming a
giano et al., 1997). sulfate ion (S&"). The sulfate ion is also formed in the
(H2SQy)4 « HSQO, - (NH3)3 cluster.

The general structures of the most stable positively
charged clusters are similar for both the ammonia- and

We have included negatively and positively charged cluster?MA-containing systems. All base molecules are found
containing up to four sulfuric acid and four DMA molecules in their protonated form as long as the cluster contains
and up to five sulfuric acid and five ammonia molecules.enough sulfuric acid molecules to donate the protons. Un-
Some clusters with an unfavorable acid : base ratio have beeSHrprisingly, the sulfate ion (SP) is never formed in
left out due to their relatively low stability, as discussed by Positively charged clusters. The composition of the most
Olenius et al. (2013a). Tables Sla and S1b in the Supplestable positively charged clusters can be summarized as
ment summarize the specific negative and positive clusteréHSO;)x + (NHz)x+1// (CHg)2NH )y 1.
included in this study. In our previous work (Ortega et al., 2012) we showed
As a comparison, we have also used semi—experimenta‘lhata based on the computed Gibbs formation energies alone,
cluster energies for positively charged sulfuric acid— cluster-fission processes were expected to be more impor-
ammonia clusters from Froyd and Lovejoy (2012) and for tant than monomer evaporation for some neutral clusters.
negatively charged sulfuric acid clusters from Froyd andThus, in the present work, we have calculated the monomer
Lovejoy (2003). In both experimental studies the reaction en-€vaporation rates and all the possible cluster fission rates.
thalpies and entropies were determined by a Van't Hoff anal-'n Some cases two or more evaporation pathways have sim-
ysis of equilibrium constants. It has to be noted that in soméellar rates, so we have decided to use the sum of all pos-
cases, for example for negatively charged pure sulfuric acicsible evaporation pathways in the study. Tables 1 and 2
clusters, a direct determination of entropy was not possiblesummarize the highest evaporation rate for each cluster, the
and thus the reported entropies were calculated using ab infholecule/cluster with the highest rate, and the total evapora-
tio methods. In the comparison we have also included theotion rate, which is the sum over all possible evaporation path-
retical cluster energies for negatively charged and electricallyvays. As in the neutral system, cluster fission is only rele-
neutral sulfuric acid-ammonia clusters calculated by Herb evant for DMA-containing clusters. The fragments leaving the

al. (2011, 2013) with the PW91PW91/6-323G(3df,3pd)  cluster in the fission process aftld2S)2 - (CHz)2NH and
method. (H2SOy)2 « ((CH3)2NH)2, which are extremely stable (Or-

tega et al., 2012).

3 Clusters included in the study
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Figure 1. Structures of clusters with one to four/five sulfuric acid molecules and the most favorable number of base molecules (those with
the lowest total evaporation rate) féh) negatively charged sulfuric acid cluste(B) negatively charged ammonia-containing clusters,

(C) negatively charged DMA-containing cluste(B) positively charged ammonia-containing clusters @&y positively charged DMA-
containing clusters. Red spheres represent oxygen atoms, yellow spheres represent sulfur atoms, blue spheres represent nitrogen aton
white spheres represent hydrogen atoms and green spheres represent carbon atoms.
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Table 1. Highest evaporation rate, corresponding evaporating molecule/cluster and total evaporation rate at 298.15 K for different negatively
charged clusters studied.

Cluster Highest evaporation  Corresponding evaporating  Total evaporation
rate (s'1) molecule/cluster rate (&)
HoSOy « HSO, 2.70x 10715 HoSOy 2.70x 10715
(H2S0y)2 - HSO, 5.60x 10~3 HoSOy 5.60x 1073
(H2SO)3 - HSO, 2.41x 10 HoSOy 2.41x 10
(H2S0y)4 - HSO, 2.82x 103 HoSOy 2.82x 103
HSO, - NH3 4.23x 1011 NH3 4.23x 1011
HSOy « HSO; - NH3 2.00x 1010 NH3 2.00x 1010
(H2SO)7 + HSO] «NH3 1.57x 10° NH3 1.57x 10°
(H2SOy)3 - HSO] +NHg 2.74x 10 NH3 2.74x 10
(H2S0y)4 -« HSO, «NH3 1.90 HSOy 2.29
(H2SOy)2 - HSO; « (NH3)2 1.16x 10° NH3 1.16x 10°
(H2SQ)3 - HSO; + (NH3)2 1.09x 10t NH3 1.09x 10t
(H2SO)4 - HSOj + (NH3)2 3.45x 1071 NH3 4.06x 1071
(H2SOy)3 - HSOj « (NH3)3 2.19x 103 NH3 2.19x 103
(H2S04)4 + HSO] + (NH3)3 9.42x 103 NH3 9.42x 103
(H2SOy)4 - HSOj « (NH3)4 3.14x 10° NH3 3.14x 10°
HSO, « (CH3)2NH 8.18x 10° (CH3)oNH 8.18x 10°
HpSOy « HSO, « (CHz)2NH 5.23x 107 (CHg)2NH 5.23x 102
(H2S0g)2 + HSO] + (CHg3)2NH 5.28x 1072 (CH3)oNH 5.71x 1072
(H2SOy)3 + HSO, - (CH3)2NH 1.89 (HoSOy)2 « (CH3)2NH 2.11
H2S0y - HSO] « ((CHz)2NH), 3.82x 108 (CHg)2NH 3.82x 108
(H2SOp)2 - HSO] + ((CH3)2NH),  2.67x 1071 (CH3)oNH 2.67x 1071
(H2SOp)3 - HSO] + ((CHg)2NH),  1.47x 1073 (HoSOy)7 « ((CHz)oNH),  1.47x 1073
(H2SO)2 - HSO] +((CH3)2NH)3  2.46x 10% (CHz)oNH 2.46x 104
(H2SOy)3 - HSOj + ((CHz)2NH)3  3.10x 10t (CHg)2NH 3.10x 10!
(H2SOs)3 - HSOj + ((CH3)2NH)4  7.70x 10t (CHz3)oNH 7.70x 10t

4.1 Negative clusters tained using formation free energies from Froyd and Lovejoy

(2003) and Herb et al. (2013) (Fig. 2).

Evaporation rates of pure sulfuric acid, sulfuric acid— Ammonia _evaporatlon rates fram H§Ol\iH31 and
ammonia and sulfuric acid-DMA clusters at 298.15K are 2504 -HSO; - NHs clusters are around 1%-10"s~*. For
compared in Fig. 2. The negatively charged sulfuric acidthe (H2SQs)2-HSO, - NH3 cluster, the ammonia evapora-
dimer, HSOy - HSO;, is extremely stable, with an evapo- tion rate is close to 10571, and thus the ammonia concen-
ration rate of practically zero. The negatively charged sul-tration needs to be on the order of-t@m=2 (around 4 ppm)
furic acid trimer, (H,SOs)- - HSOy , is also stable, with an  for collisions to be frequent enough to retain ammonia in
evaporation rate of 5.60 10~3sL. The collision frequency ~the cluster after charging. Thel2SQy)s - HSO, - NHs clus-

of free sulfuric acid molecules with one charged trimer is ter is as stable as the pure charged four sulfuric acid clus-
around 1x 102 s~1cm~3. Thus, if the concentration of sul- ter (H2SQu)3 - HSQ, , and the(H2SQy)3 - HSO, - (NH3)2 is

furic acid monomers is around510° cm3 or larger, the  the most stable negatively charged cluster with four sulfu-
collisions of sulfuric acid monomers with the cluster will be "¢ acid molecules. Both th€H2S0y)4 - HSO, - NH3 and
faster than evaporation. In the case of the charged tetramefH2SOs)4 - HSO, - (NH3) clusters are more stable than the
(H2SOy)3 - HSQy, the evaporation rate is already relatively pure five sulfuric acid clustetH2SOy)4 - HSG; . In the case
high, requiring a higher concentration of sulfuric acid to al- of the (H2SQy)4 - HSO, - NH3 cluster, BSO, will evapo-

low for a collision before the cluster evaporates. The chargedate faster than ammonia from the cluster. The results ob-
pure sulfuric acid pentame(H.SOy)4 - HSQ,, is not sta-  tained using formation free energies from Herb et al. (2013)
ble, with an evaporation rate of 2.8210°s~1. Therefore, as  show a similar trend. Nevertheless, it has to be noted that
in the neutral case (Ortega et al., 2012), additional stabilizthe data from Herb et al. (2013) are limited to clusters con-
ing compounds are needed to allow for further additions oftaining just one ammonia molecule, and thus the stability of
sulfuric acid molecules to the cluster. Similar results are ob-negatively charged clusters with three and four sulfuric acid
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Table 2. Highest evaporation rate, corresponding evaporating molecule/cluster and total evaporation rate at 298.15 K for different positively

charged clusters studied.

I. K. Ortega et al.: Base evaporation from charged sulfuric acid clusters

Cluster Highest evaporation = Corresponding evaporating  Total evaporation
rate (s'1) molecule/cluster rate (&)
HoSOy « NHf 3.53x 1071 HoSOy 3.53x 1071
(H2S0g)2 - NH 2.79x 107 HoSOy 2.79x 102
NH3 « NH 5.45x 107° NH3 5.45x 1075
HpSOy - NHz « NH 2.76x 102 HoSOy 2.76x 1072
(H2SOn)2 - NH3 « NH 1.22 HSOy 1.22
(H2SOy)3 «NH3 NH;i 4.16x 107 HoSOy 4.16x 107
(NH3)2 « NHZ 2.13x 104 NH3 2.13x 10
H2SOy « (NH3)2 « NH 9.84x 107 NH3 9.84x 107
(H2§84)2 x((NH3)2 . NH+;{ ;.glx 18;5 NH;O g.glx 18;5
(H2SOy)3 « (NH3)2 « NH .25x 1 HoSOp 25x 1
(H2SOy)4 « (NH3)2 » NH% 5.64x 1834 HoSOy 5.65x 1?
(H2SOy)2 « (NH3)3 «NH 1.69x 1 NH3 1.69x 1
(H2SOn)3 + (NH3)3 - NHi 5.75x 10~4 NH3 5.85x 10~4
(H2SOn)4 + (NH3)3 » NH?Fr 1.18x 1824 HoSOy 1.18x 1?
(HoSOy)3 « (NH3)4 - NH 2.28x 1 NH3 2.28x 1
(H2SOn)4 + (NH3)4 « NH?{ 6.86x 1071 NH3 6.906x 10°1
(H2SOn)5 x (NHgz)4 « NH 1.20 HSOy 1.23
(H2S0y) « (CHz),NHZ 7.65x 107 HoSOy 7.65x 102
(H2SOy)7 « (CHz)2NHZ 7.08x 10t HoSOy 7.11x 10t
(CHg)2NH « (CHg)oNHS 1.66x 102 (CHg)oNH 1.66x 1072
H2SOy « (CHg)2NH « (CHz)2NHZ 1.630x 10~10 HoSOy 1.630x 10-10
(H2SOy)7 « (CHz)2NH « (CHg)oNHT 1.63 H SOy 1.63
((CHg)2NH); « (CHg)oNH 1.04x 10* (CHz3)oNH 1.04x 10
H2SOy « ((CHz)2NH); « (CHz) NHZ 2.71x 102 (CHg)2NH 2.71x 1072
(H2S0y)2 « ((CHz)2NH)5 « (CH3)2NH§ 5.79x 10710 HoSOy 8.14x 10710
(H2SOy)3 « ((CHz)2NH)5 « (CH3)2NH1 1.26x 102 HoSOy 1.26x 107
(H2SOn)4 « ((CH3)2NH)5 - (CH3)2NH§F 1.74x 1071 HoSOy 1.74x 1071
(H2SOy)5 « ((CH3)2NH)3 » (CHg,)ZNH?F 1.54x 1072 (CH3)»NH 1.54x 1072
(H2SOy)3 « ((CHz)2NH)3 » (CH3)2NHgF 1.46x 108 HoSOy 1.79x 108
(H2SOn)4 « ((CH3)2NH)3 « (CH3)oNHE  4.25% 103 HoSOy 4.25x 103
(H2SOy)4 « ((CHz)2NH)4 « (CH3)2NH§ 1.53x 107> HoSOy « (CH3)oNH 1.54x 1075

molecules (including the bisulfate ion) is not directly com- tained no ammonia, while larger clusters contained at
parable to the most stable clusters predicted by B3RICC2east one ammonia molecule. Bzdek et al. (2011) ob-
method, which contain two molecules of ammonia. There-served mostly ammonia-free clusters up to the tetramer
fore we have not included those values in the comparison. (H2SOy)3-HSG,, and for larger clusters mostly a com-
The stability of the HSQ.(CHz)2NH cluster is

similar to the corresponding ammonia cluster.

position, (H:SQy);43+HSQO, - (NH3z);. A similar composi-
How- tion was found also for mixed sulfuric acid—ammonia—DMA

ever, in DMA-containing clusters, the stability increases clusters, but clusters consisting only of sulfuric acid and
much faster as the number of sulfuric acid moleculesDMA had a higher ratio of DMA. Kirkby et al. (2011) mea-

increases than

in ammonia-containing clusters.

(H2SOy)2 - HSQO, « (CH3)2NH cluster is already close in
stability to the pure charged three sulfuric acid cluster, andpresent, but at higher temperatures and higher base concen-
(H2SOy)3 - HSQO, -« ((CH3)2NH), is more stable than the trations they also saw ammonia and DMA molecules in the

(H2SOy)3 - HSQO, cluster.

Thesured pure negatively charged sulfuric acid clusters up to 20
molecules at 248 K when almost no base contaminants were

clusters beginning from the four sulfuric acid cluster. Us-

Similar trends have been observed in several expering the same setup but with a higher DMA concentration,
imental studies. Hanson and Eisele (2002) saw thatAlmeida et al. (2013) saw DMA molecules already in clus-
all dimers and most three sulfuric acid clusters con-ters with three sulfuric acid molecules.

Atmos. Chem. Phys., 14, 79986007, 2014
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Figure 2. Total evaporation rates at 298.15 K~y for most sta-

ble negatively charged clusters versus the number of sulfuric acidmigure 4. Total evaporation rates at 298.15 K {3 for most sta-
molecules in the cluster including the bisulfate ion; that is, 1 corre-ble positively charged clusters versus the number of sulfuric acid
sponds to HSQ), 2 corresponds to $804 HSO, etc. Solid lines  molecules in the cluster. Dashed lines represent sulfuric acid-DMA
represent pure sulfuric acid clusters, dashed lines represent sulfielusters and dotted lines represent sulfuric acid—ammonia clusters.
ric acid-DMA clusters and dotted lines represent sulfuric acid—Black lines represent evaporation rates from this work and the red
ammonia clusters. Black lines represent evaporation rates from thiine represents evaporation rates obtained using the formation free
work, blue lines represent evaporation rates obtained using the theenergies reported by Froyd and Lovejoy (2012). Numbers in paren-
oretical formation free energies by Herb et al. (2013) and red linestheses indicate the composition of the cluster (acids, bases).
represent evaporation rates obtained using the semi-experimental

formation free energies reported by Froyd and Lovejoy (2003).
Numbers in parentheses indicate the composition of the cluste

. heeded to enable further growth by addition of sulfuric acid
(acids, bases).

molecules. This is not surprising, since the bisulfate ion itself
is a Lewis base, and thus able to stabilize the cluster. Fig-
ure 3 compares the evaporation rates of pure neutral sulfuric
acid clusters and clusters containing one stabilizing base (in-
4 R —— — | cluding the bisulfate ion as a base). In all cases, one base
"""" : molecule is able to stabilize only clusters with up to three
sulfuric acid molecules, and additional base molecules are
1 needed to stabilize larger clusters. HS@ able to form
very stable clusters with one sulfuric acid molecule com-
pared to DMA and NH, but clusters with two sulfuric acid
molecules are already better stabilized by DMA. As sulfuric
acid molecules are added to the cluster, the evaporation rate
o, | approaches that of pure neutral sulfuric acid clusters. Clus-
-a-(H.50,) DA ters containing four sulfuric acid molecules are not stabilized
—#-(H,S0,), HSO, sufficiently by just one base, and thus the evaporation rate of
: - - : clusters containing four sulfuric acids and a base is similar to
Number of H,SO, molecules the evaporation rate of the pure sulfuric acid tetramer. As al-
ready shown by Ortega et al. (2012), further base molecules
Figure 3. Total evaporation rates at 298.15K'{s of sulfuric acid  are needed to stabilize larger clusters. It is not possible to add
clusters containing one Lewis base versus the number of sulfuricy gacond bisulfate ion to a small cluster due to electrostatic
acid moleculgs in the cluster (not including the .blsulfate ion). The repulsion, but a neutral nitrogen-containing base (ammonia
dash-dotted line represents pure neutral sulfuric acid clusters, the
dotted line represents neutral sulfuric acid clusters with one ammo-Or DMA) can be added.
nia molecule, the dashed line represents neutral sulfuric acid clus- .
ters with one DMA molecule and the solid line represents pure sul-4-1.1  Positive clusters
furic acid clusters with one HSpion. Note that, unlike in Fig. 2, ) )
1 now corresponds to 480y - X, 2 corresponds tgH2SOx)5 « X For each number of sulfuric acid molecules, the most sta-
etc., where X = NH, DMA or HSQj . ble positively charged clusters (Fig. 4) have evaporation rates
below 1s1. In the case of positive sulfuric acid—ammonia
clusters, the most stable cluste(litgSOy)2 - (NH3)2 - NHI.
These results confirm that while sulfuric acid is able to As cluster size increases, the evaporation rate increases. As
form up to anionic trimers on its own, in a similar way in negatively charged clusters, DMA clusters are more sta-
to neutral clusters, some additional stabilizing compound isble than ammonia clusters. For DMA the most stable cluster

Evaporation rate (5'1)

C)
T
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is HoSOy - (CH3)2NH « (CH3)2NH, and, as in the case of , . , .
ammonia, as cluster size increases, so too does the evapori
tion rate. The acid : base stoichiometry of positively charged
clusters is the same for ammonia and DMA. The most sta- <
ble clusters are formed by the cation and an equal number of
sulfuric acid and base molecules.

This same optimal stoichiometry has also been observed
experimentally by Bzdek et al. (2010) for clusters where the , Py S
acid was either sulfuric acid or nitric acid and the base was Monomers o 2 Comesponang crargedcoers
either ammonia, methylamine, dimethylamine or trimethy- 7 eos
lamine. Almeida et al. (2013) found this stoichiometry to be *
dominant for small sulfuric acid-DMA clusters, but, start-
ing from four sulfuric acids, clusters with a higher DMA "} e ' ' ' ;
content were seen to dominate. Froyd and Lovejoy (2012) s
detected positively charged sulfuric acid-ammonia clusters ~" /
with a wider variety of acid : base ratios, but all clusters con- ﬁ ,
tained more ammonia than sulfuric acid molecules and most £ |
stable ones had the same optimal stoichiometry found in this %—’1 el
work and by Bzdek et al. (2010). The evaporation rates ob- &

s)

o

Evaporation rate (.
3

3
L

2 3 3
Total number of HQSO4 molecules (including HSO;)

tained using the formation free energies reported by Froyd @ . " 4 ; |
. lonomers \ /
and Lovejoy (2012) present the same trend that the ones v 5 most stable neual cluslers
) ) I esponding charged clusters

calculated from B3RICC2 formation free energies, though 4| . 0o'¢ | #-most labl chrgedcustrs
B3RICC2 evaporation rates seem to be systematically under- ! 2 s K

. Total number of H,SO, molecules (including HSO,)
estimated. 2774 4

. + . .
In this case NI} and(CH_?’)ZNHZ cations (or technlca_lly Figure 5. Comparison of the total evaporation rates at 298.15K
the protons bound to the nitrogen atoms) are Lewis acids, Sgs-1 of neutral clusters (solid lines), negatively charged clusters

there will .be CPmPetition for bases b?tween the cation anthptained by removing a proton (dotted lines) and the most stable
the sulfuric acid, instead of competition between bases fomegatively charged clusters with the same number of sulfuric acid

the available acids. molecules (including the bisulfate ion, dashed lines). Black lines
represent evaporation rates from this work and red lines represent
4.1.2 Charging neutral clusters evaporation rates obtained using the formation free energies by

Herb et al. (2013). Numbers in parentheses indicate the composi-

To evaluate the effect of charging in the detection of neutrajtion of the cluster (acidg, bases). Blue arrows illustrate the charging
clusters by mass spectrometry techniques, we have compar@§°cess and the resulting most stable charged cluster. Top panel:
the evaporation rates of the most stable base-containing ne%rsn;:rr;la-sulfunc acid clusters. Bottom panel: DMA-sulfuric acid
tral clusters to the evaporation rates of the charged clusters '

obtained by adding or removing a proton from the neutral

clusters (Figs. 5-7).

Figure 5 shows the most stable ammonia-containingcluster. Evaporation rates based on the computational clus-
neutral clusters and the corresponding negatively chargeter energies by Herb et al. (2011, 2013) have been included
ones. We can see that if the most stable neutral ammoniafor comparison. While they predict the clusters to be over-
containing clusters become charged, their charged counall less stable, the trends of cluster composition and stabil-
terpart is unstable. For example, th&loSOy)2. NH3 ity as a function of sulfuric acid content are very similar
cluster is stable, but its negatively charged counterpartfo our results. As in Fig. 2, only clusters with comparable
H2SO4 - HSO, - NHg, is extremely unstable and the am- composition have been included in the comparison. Simi-
monia molecule will evaporate, resulting in the chargedlarly, in the case of DMA-containing clusters, the most sta-
pure sulfuric acid dimer. The situation for charged clus- ble neutral cluste(H2SOy)2 - (CH3)2NH will lose the DMA
ters containing three sulfuric acid molecules is similar. molecule when it is charged, ending up as a charged pure
Neutral ammonia-containing clusters will lose the ammo- sulfuric acid cluster. The main difference between ammonia
nia molecules when charged, and will be detected as purand DMA clusters is that three sulfuric acid molecules are
charged trimers. Once the cluster has four sulfuric acidenough to keep some DMA molecules in the cluster after
molecules, only one ammonia molecule is likely to evaporatenegative charging. As in the case of ammonia, the number
from the cluster. Thus, although some ammonia molecule©f DMA molecules in a stable neutral cluster will decrease
will stay in the cluster, the composition of the resulting when the cluster is charged. This has important implications,
charged cluster will be different from the original neutral since according to recent modeling studies (Olenius et al.,

Atmos. Chem. Phys., 14, 79986007, 2014 www.atmos-chem-phys.net/14/7995/2014/
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: ; : ; taining three and four sulfuric acids need to evaporate two
sulfuric acid molecules after being charged in order to reach
a favorable composition. Here the results are compared to
evaporation rates based on the semi-experimental cluster en-
i ergies by Froyd and Lovejoy (2012), and again the main
trends are in agreement with our conclusions.
In the case of DMA-containing clusters, all the charged
1 counterparts of the most stable neutral clusters are un-
+-most s st cosrs | | stable. HSO - (CHz)2NH] and (H2SQs)2 - (CHz)2NH3
|- mos sl charged ster clusters will most probably evaporate into monomers.
S P S ‘ In the case of larger clusters, which in the neutral
o case favor the same number of DMA and sulfuric
o , , , acid molecules, positively charged clusters will evaporate
one sulfuric acid molecule, leading to the formation of
the stable clusteréH,SOs) - (CH3)2NH « (CH3)2NHJ and

Evaporation rate (s“)

3 B (H2SQ)2 - ((CH3)2NH)2 - (CHz)2N Hy . _

® Figure 7 schematically represents the effect of charging on

%104 I the composition of the most stable neutral ammonia/DMA-

%’“’ [ Monomers 1 containing clusters. In Fig. 7, the decay of a neutral cluster

@yt | ‘1 1 is presented as a step-wise evaporation process determined
w0l Y e ek byl | by the highest evaporation rate of each cluster on the evap-
- . , | Lcemost stable charged clusters oration pathway. In the figure we have included evaporation

2 3 4
Total number of HZSO4 molecules

pathways until the resulting cluster has an evaporation rate
lower than 1051, and therefore the last cluster on the path-
Figure 6. Comparison of the total evaporation rates at 298.15K way may not be the most stable one in terms of total evap-
(s~1) of neutral clusters (solid lines), positively charged clusters oration rate (Figs. 5 and 6). This limit is arbitrary and has
with one proton added (dotted lines) and the most stable positivelyyeen chosen for figure clarity. The relative concentration of
charged clusters with the same number of sulfuric acid moleculesqiﬁerem clusters is not only determined by their evaporation

(dashed lines). Numbers in parentheses indicate the composition g

the cluster (acids, bases). Black lines represent evaporation rateréa.tes but also by the collision frequency of different species

from this work and red lines represent evaporation rates obtained usV-V'th the cluster. l_n other Wo_rds, the most stable cluster (in

ing the formation free energies by Froyd and Lovejoy (2012). Num- t€rms of evaporation rate) will not always be the most abun-

bers in parentheses indicate the composition of the cluster (acid€lant. However, in the case of clusters with extremely high

bases). Blue arrows illustrate the charging process and the resulevaporation rates, for example in the case of FSQHs3,

ing most stable charged cluster. Top panel: ammonia-sulfuric acidhe concentration of those clusters will be close to zero in

clusters. Bottom panel: DMA-sulfuric acid clusters. any atmospherically relevant conditions. In a similar way, if
the evaporation rate is close to zero, like fgrS@, - HSO,

cluster, the cluster will not evaporate under any atmospheri-
2013b; Kupiainen-Maatta et al., 2013),%, - DMA and cally relevant conditions.

(H2SOy)2 - DMA clusters might be relatively abundant un-
der atmospheric conditions, but they will not be detected by
mass spectrometry techniques as DMA-containing clusters.5 Conclusions

Charging base-containing clusters positively will also af-
fect their composition (Fig. 6). The 24$0, - NH3 cluster  In this work we present the evaporation rates of both pos-
(which is very unstable although it is the most stable neutralitively and negatively charged sulfuric acid—ammonia and
ammonia-containing cluster with one sulfuric acid molecule) sulfuric acid—-DMA clusters. We found that the most stable
is stabilized by being ionized positively, but for all larger positively charged base-containing clusters have evaporation
sizes the most stable neutral clusters will not remain stableates below 13!, while in the case of the smallest negatively
when charged positively. ThéH>2SOy)> - NHj,rr cluster will charged clusters the pure sulfuric acid clusters with evapora-
evaporate one sulfuric acid molecule, leading to the stabldion rates on the order of 18°~103s~1 are more stable
HoSOs - NH cluster. In the case of neutral clusters, the than the most stable base-containing clusters (for which the
number of sulfuric acid molecules in stable clusters is oneevaporation rates are 3010's~1), and bases become im-
higher than the number of ammonia molecules, while in theportant only when the cluster contains more than 3—4 sulfuric
most stable positively charged clusters the number of ammoacid molecules. DMA-containing positively charged clusters
nia molecules (including the Nj’-|ion) is one higher than are more stable than the ammonia-containing clusters, and
number of sulfuric acid molecules. Therefore clusters con-in both cases the stability decreases when the cluster size

www.atmos-chem-phys.net/14/7995/2014/ Atmos. Chem. Phys., 14, 7887, 2014
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increases. In the case of negatively charged clusters,;,HSOThe Supplement related to this article is available online
acts as a Lewis base, and is able to stabilize the smallest clugt doi:10.5194/acp-14-7995-2014-supplement

ter effectively. Similar to neutral clusters, one base is able

to bind to only a few (around two) sulfuric acid molecules.

To prevent the fast evaporation of subsequently added sul-

furic acid molecules, the addition of further base molecules
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