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ABSTRACT

Sulfuric acid is an important gas influencing atptoeric new particle formation (NPF). Both the binar
(H2SOi-H20) system, and the ternary system involving amm{f&Q:-H-0O-NHs) may be important

in the free troposphere. An essential step in tiéeration of aerosol particles from gas-phase psecs

Is the formation of a dimer, so an understandindpefthermodynamics of dimer formation over a wide
range of atmospheric conditions is essential terites NPF. We have used the CLOUD chamber to
conduct nucleation experiments for these systerngsrgieratures from 208 to 248 K. Neutral monomer
and dimer concentrations of sulfuric acid were roea$ using a Chemical lonization Mass
Spectrometer (CIMS). From these measurements dévegporation rates in the binary system were
derived for temperatures of 208 and 223 K. We comp#ese results to literature data from a previous
study that was conducted at higher temperaturessbatgood agreement with the present study. For
the ternary system the formation ofS@eNH; is very likely an essential step in the formatimfn
sulfuric acid dimers, which were measured at 223, 2nd 248 K. We estimate the thermodynamic
properties (8 and &) of the HSQyeNHs cluster using a simple heuristic model and thesuesal data.
Furthermore, we report the first measurementsrgélaeutral sulfuric acid clusters containing asiyna
as 10 sulfuric acid molecules for the binary systesimg Chemical lonization-Atmospheric Pressure
interface-Time Of Flight (CI-APi-TOF) mass spectreiny.
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1. INTRODUCTION

The formation of new particles from the gas phasefrequent and important process in the atmospher
Substantial progress has been made in recentgescebing the chemical systems and the mechanisms
that could potentially be relevant to atmosphedw particle formation (NPF). Observed atmospheric
boundary-layer nucleation rates typically correlati¢h the concentration of gaseous sulfuric acid
(Kulmala et al., 2004; Kuang et al., 2008). Morepitas generally accepted that the presence témwa
vapor enhances nucleation in the binargS&:-H.O) system. However, nucleation under typical
ground-level conditions cannot be explained bykimary nucleation of sulfuric acid and water vapor
(Kulmala et al., 2004; Kerminen et al., 2010), e¥etihe enhancing effect due to ions is taken into
account (Kirkby et al., 2011). Therefore, assunthag sulfuric acid is required for nucleation, eadt
one additional compound is necessary to stablieeticleating clusters (Zhang et al., 2012). Ammoni
amines and highly-oxidized organic compounds haenkdentified in ambient samples or tested in
laboratory experiments (Ball et al., 1999; Hansod Bisele, 2002; Chen et al., 2012; Kulmala et al.,
2013). Recent chamber experiments showed thatltberved atmospheric boundary layer nucleation
rates can, in principle, be explained by sulfug@aacting in combination with either amines or the
oxidation products from-pinene (Almeida et al., 2013; Schobesberger @l 3; Riccobono et al.,
2014).

Nucleation has also frequently been observedarirée troposphere, where the temperature and gas
mixture differ from those at the surface (Broclakt 1995; Weber et al., 1995; Clarke et al., 19%%
et al., 2003). An important source for stratosphearticles is the tropical tropopause region where
nucleation mode particles have been observed. ibddity, new particle formation has also been
observed in the free troposphere (Brock et al.519%arke et al., 1999; Borrmann et al., 2010; Wkig
et al., 2011). Due to the volatility and the id&aoétion of sulfur in collected particles it wasmmuded
that binary nucleation contributes to (or dominpathe formation of these particles (Brock et 2093).
Binary homogenous nucleation also seems to playnportant role in forming the mid-stratospheric
condensation nuclei layer, although ion-inducedlyimucleation cannot be ruled-out (Campbell and
Deshler, 2014). Several studies provide evideneg iin-induced nucleation may be an important
process in the free troposphere (Lee et al., 200@¢joy et al., 2004; Kanawade and Tripathi, 2006;
Weigel et al., 2011). These studies suggest tharpinucleation is important on a global scale —
especially in regions where very low temperatureyail, and where the concentrations of stabilizing
substances involved in ternary nucleation are low.

Nucleation in the binary system starts with théigion of two hydrated sulfuric acid monomers,
which form a dimer (Petgja et al., 2011). In thigdy, the notation “dimer” refers to a cluster that
contains two sulfuric acid molecules plus an unknamount of water and, in the ternary system,
ammonia. The term monomer refers to clusters withsulfuric acid, irrespective of whether the aust

contains also ammonia and/or water molecules arUless stated otherwise the terms “monomer”

3



10

15

20

25

30

35

and “dimer” describe the neutral, i.e., unchargedlecules and clusters. The probability that a dimer
will or will not grow larger depends on its evapiiwa rate as well as its collision rate with monosne
and larger clusters. Therefore, it is crucial towrthe evaporation rate (or the equilibrium congtah
the sulfuric acid dimer in order to understand amodiel binary nucleation. Hanson and Lovejoy (2006)
measured the dimer equilibrium constant over a &atpre range of 232 to 255 K. However, no direct
measurements have been performed for lower temyesatMoreover, evidence exists that ammonia is
an important trace gas influencing new particlerfation in some regions of the atmosphere (Weber et
al., 1998; Chen et al.,, 2012). Numerous studieagusjuantum chemical calculations have been
conducted to study the cluster thermodynamicsHerdulfuric acid-ammonia system (Kurtén et al.,
2007; Nadykto and Yu, 2007; Torpo et al., 2007;e@at et al., 2012; Chon et al., 2014). To our
knowledge, however, only very few studies have ngorted experimentally determined dimer
concentrations for this system (Hanson and Ei&€@2; Jen et al., 2014). In order to model NPF for
the ternary system involving ammonia it is essémtidbetter understand the thermodynamics of the
clusters involved in the nucleation process. Clusteperties derived from measurements can be used
for a comparison with the theoretical studies. Saclomparison provides a consistency check for both
the models and the measurements.

Here we present experimentally derived dimer evatpmr rates for the binary system,@:-H-0)
at temperatures of 208 and 223 K. The measurenoérte sulfuric acid monomer and dimer were
made with a Chemical lonization Mass Spectrom&#vig) at the Cosmics Leaving OUtdoor Droplets
(CLOUD) chamber. The data are discussed and comhgarpreviously published dimer evaporation
rates for the binary system (Hanson and Lovejo@620Dimer measurements are also available for the
ternary system (}$Qi-H-0-NHs) at 210, 223, and 248 K and some ammonia mixitiggé< ~10 pptv).
The thermodynamics ktland &) of the HSQ»NHs cluster were retrieved from comparison of the
measured monomer and dimer concentrations witlethoedicted using a simple model. Furthermore,
neutral cluster measurements using Chemical Idniza&tmospheric Pressure interface-Time Of Flight
(CI-APi-TOF) mass spectrometry are presented ferihary system at 206 K for clusters containing

up to 10 sulfuric acid molecules.

2. METHODS

2.1 CLOUD chamber

CIMS monomer and dimer measurements were condpciedrily during the CLOUDS5 campaign in
October and November 2011. Additional CI-APi-TOFasirements were made during one experiment
in November 2012 (CLOUD7). The CLOUD chamber hasnbdescribed in previous publications
(Kirkby et al., 2011; Almeida et al. 2013; Riccolocet al., 2014). The 26.1%mlectropolished stainless-
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steel chamber provides an ultra-clean environmamstidying new particle formation and growth. A
well-insulated thermal housing and temperature robrllow measurements down to 193 K with a
stability of a few hundredth of a degree. For ciegmpurposes the chamber can be heated up to 373 K
and flushed with ultra-clean air at a high ozonecemtration. Pure neutral nucleation was studied by
applying a high voltage (30 kV) to upper and lowansparent field cage electrodes (termed clearing
field high voltage or CFHV in the following). Sanmmud ports are located around the mid-plane of the
cylindrical chamber, where the clearing field i9a¥f. Grounding the electrodes allows measurements
of ion-induced nucleation. In the absence of ariigdield galactic cosmic rays produce ion patra a
rate of ~2 cri st). Much higher ion pair production rates can beeaad by illuminating a section of
the chamber (approximately 1.5 m times 1.5 m) usirdgfocused pion beam from CERN's proton
synchrotron (Duplissy et al., 2010). Ultra-cleas gaprovided to the chamber by mixing nitrogen and
oxygen from cryogenic liquids at a ratio of 79:Bifferent relative humidities (RH) can be achieved
by passing a portion of the dry air through a nafimmidification system. The temperature and the
dew/frost point inside the chamber are monitoraettinaously; the RH is calculated using the equation
given by Murphy and Koop (2005). A fibre optic syt (Kupc et al., 2011) feeds UV light into the
chamber, which initiates the photolytic producti@insulfuric acid when kD, O, Os;, and SQ are
present. Two mixing fans continuously stir the imiside the chamber assuring its homogeneity
(Voigtlander et al., 2011).

The CLOUDS campaign was dedicated to experimemnssiigating new particle formation at low
temperatures (down to ~208 K) for the binary§:-H>0) and the ternary ¢$:-H-0O-NHs) systems.
The particle formation rates at low temperature belreported in forthcoming papers; this publicati
focuses on measurements of the sulfuric acid moname the sulfuric acid dimer. One future paper
will also focus on the determination of the ammaniaing ratios at the low temperatures. These were
evaluated from a careful characterization of th€dOD gas system, which delivers ammonia diluted
in ultra-clean nitrogen and air to the CLOUD chambEhe gas system was characterized by
measurements with a LOng Path Absorption Photom@t@®PAP, Bianchi et al.,, 2012), an lon
Chromatograph (IC, Praplan et al., 2012) and aoRrdtansfer Reaction-Mass Spectrometer (PTR-MS,
Norman et al., 2007).

Table 1 gives an overview over the main findingevant to this study obtained from the two

different campaigns.

2.2 Chemical lonization Mass Spectrometer (CIMS) ash Chemical lonization-Atmospheric

Pressure interface-Time Of Flight (CI-APi-TOF) massspectrometer

During CLOUDS a CIMS was used for the measuremeéstilburic acid monomers and dimers (Kurten
et al.,, 2011). Using nitrate ions MQHNO:s)x=0-2, Sulfuric acid can be selectively ionized; detmcti

limits below 16 cn?® (referring to the monomer of sulfuric acid) canrbached for short integration
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times, thereby enabling high time resolution (Esaid Tanner, 1993; Mauldin et al., 1999; Berrashei
et al., 2000). The instrument was calibrated bedme after the campaign using a system that preduce
a known concentration of sulfuric acid (Kurten kt2012). In this way, the recorded ion signafer
the primary ions and the reactant ions — can beerted into a concentration of sulfuric acid.

HSOy (the product ion from the sulfuric acid monomeanl &HSQ(H.SOy) (the product ion from

the sulfuric acid dimer) are formed by reactionshsas

NOs (HNO3)x + (H:SQ)1.2X — HSO (H2SOy)o.1(HNO3s)y +  (X-y+1)}(HNOs) + X. (R1)

The compound X is, in most cases, water, but ircdse of the ternary system, both experiments and
quantum chemical calculations suggest that dinmrkialso be bound to ammonia (Hanson and Eisele,
2002; Kurtén et al., 2007). Ammonia (or X) is exjgelcto evaporate rapidly after the ionization (Qate

et al., 2014). It should be noted here that eveX did not evaporate after the ionization it would
probably be removed in the CIMS collision dissdotatchamber (CDC). In the CDC any remaining
water molecules are stripped off from the core i@and the N@(HNO3)o.2 ions yield mostly N@ due

to the declustering. Therefore, the monomer anagdsulfuric acid concentrations are estimated to be

CR

[HpSOy] = ——1In (1+ CR::), (1a)
C CR

[(HyS04);] = ——+In (1+ ?) (1b)

Here,CRdenotes the count rate for the primary idDBs atn/z 62 for NQ@"), the HSQ ions CRy7 at
m/z 97), and the HSQ(H.SQy) ions CR1gs atm/z 195), respectively. The constadis derived from a
calibration and has been evaluated as 1.2d@3 with a typical uncertainty of ~30% (Kurten et al.,
2012). The same calibration constant is used ®mbnomer and the dimer because it is not possible
to calibrate the dimer signal. Since botsk and (HSQy), are thought to react with the nitrate ions at
the collision limit this assumption is well juséfl. The factorgmonomerandLaimer take into account the
penetration through the sampling line from the ClDthamber to the CIMS ion source. A sample
flow rate of 7.6 standard liters per minute (simiia sampling line length of 100 cm were used to
calculate the transmission. The diffusion coeffitias been calculated for the respective temperatu
and RH for the monomer from the data given by Haresod Eisele (2000). It was assumed that the
diffusivity of the hydrated dimer (see Henschebket 2012) equals 0.06+0.01 &' at 298 K, and
varies with temperature as (298K¥T)

Some dimer dissociation in the CIMS CDC sectiomeatbe ruled out, although the HS®1.SOy)
ion has a very high bond energy (Curtius et al.120Blowever, as described in the next section, this
effect is very likely minor, and, to the extentttitaccurs, it is taken into account in the chégezation
of the dimer detection efficiency.

During the CLOUD7 campaign sulfuric acid and itsstérs were measured with two CI-APi-TOF

mass spectrometers (Jokinen et al., 2012; Kirtah,e£2014); the F5Q: monomer was also measured
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by the CIMS. However, during CLOUD? it was not pgbksto measure the dimers with the CIMS due
to instrumental problems. The CI-APi-TOF has anastmdentical chemical ionization source as the
CIMS but it uses a time of flight mass spectromeii#in high mass resolution (around 4500 Th/Th) and
mass accuracy (better than 10 ppm). These feasre®ll as the wide mass range (up to around 2000
Th) enable detection and unambiguous identificatibthe elemental composition of clusters. As will
be shown in Section 3.4 neutral clusters contaiagigany as 10 sulfuric acid molecules were detecte

during a binary experiment at 206 K.
2.3 Quantification of sulfuric acid dimer concentraion

As it is not possible to calibrate the CIMS or eAPI-TOF with a known concentration of sulfuric
acid dimers, a different method was chosen to attevquantification of the dimer concentration. To
estimate the relative sensitivity towards the den@vz 195) in comparison to the monomen'z 97)
ion-induced clustering (lIC) during calibration cd® evaluated. If the sulfuric acid monomer
concentration is large enough efficient formati6m80,(H.SOy) can occur due to clustering of HSO
and BSQ; within the CIMS ion drift tube (Hanson and Eis€2€02). The estimated dimer count rate
through this process is (Zhao et al., 2010; Chexh. £2012)

L CR
CRigsic =5 K21 " treact " CRo7 - C - In (1 + ?97) )

62

The reaction timéreactis approximately 50 ms in our case (Kirten et24112). A value of 8x1& cn?

st was used fokzs, the rate constant for reaction between H3Md HSO, (Zhao et al., 2010). The
measured count ra@Rigs was compared to the expected count rate duridjlaration in which a high
concentration of sulfuric acid monomers was presend the CIMS. From this comparison, we
concluded that the dimer signal is suppressed factar of 1.2 relative to the monomer signal. The
discrepancy can either be due to mass discrimmatia@ue to some fragmentation in the CIMS CDC.
In any case, it means that the measured dimer|sigeas to be multiplied by a factor of 1.2 (with a
estimated statistical uncertainty of less than 1@#9n its concentration is evaluated.

The background signal, e.g., from electronic noise always subtracted before the dimer
concentration is evaluated according to equatiti. (The background was obtained by averaging over
a certain period just before the experiment staited before the UV lights were turned on and the
H>SQOy was produced. In addition to the background, thardution from 1IC is subtracted from the
dimer signal (Chen et al., 2012). This effect beesmelevant at about 1x16m? for the sulfuric acid

monomer under the conditions of this study.
2.4 Sulfuric acid dimer evaporation rate

The goal of this study is to determine sulfuricdadimer evaporation rates from data obtained by

monomer and dimer measurements. In order to darfeemula for the evaporation rate it is useful to
7
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start with the basic equations governing the losd #he production of the clusters. Since low
temperature conditions (208 and 223 K for the lyisgstem) are considered in this study the assompti
is made that only the smallest clusters (dimertanter) have appreciable evaporation rates (Hanson

and Eisele, 2006). The balance equation for thedooncentration in this case is

at

whereN; is the concentration of the cluster containirgylfuric acid molecules. The evaporation rate

0.5:Gyq1 Ky N +kze N3 — (kz,w +kay + Xi21 Gy Kyt Ni + kz,e) N, (3)

kie refers to the evaporation of one sulfuric acid enale from a cluster containirigsulfuric acid
molecules. In a chamber experiment such as CLOU2etloss processes are relevant for neutral
particles; these include the wall loss ratg, the dilution rateky through the replenishment of the
chamber air (independent of particle size), andjalzdion with the coefficient; describing collisions
between the clustersandj. The factoiGi; represents an enhancement in the collision raiesadipole-
dipole interactions (McMurry, 1980; Chan and Mozwich, 2001). In order to derive an expression
for the dimer evaporation rate, we assume steadg-&N./dt = 0). Equation (3) can then be written as

_0.5:Gy1°Kq1°N? n keNs
Ny N3

kz,e

(kg + kai + Xieq Goi " Ko v ;). (4)

It is useful to estimate the relative importancehef three terms on the right-hand side of equgddn
The numerator in the first term describes the petidn rate of dimers from monomers. The collision
constant for two monomers is approximately 2.8%1¢* s* at 208 K. If the enhancement fact®r
due to dipole-dipole interactions is included, tratue is ~6.9x1¢° cm?® s* (McMurry, 1980; Chan and
Mozurkevich, 2001). As an example, at 208 K underaly conditions, the smallest monomer
concentration evaluated is 2¥1€m3, at which point the dimer was evaluated as 1x16® (Section
3.3). These values yield 0.2 for the first term. The second term is signifidpistmaller than the first
term, so it can be neglected due to the reasded lis the following. The trimer concentration faltigh

it was not measured) should be smaller than therdoencentration because the trimer is produced fro
the dimer. Moreover, the trimer evaporation ratexisected to be lower than the dimer evaporatiten ra
(e.g., 1.6x16 s for the trimer, and 0.3for the dimer at 208 K and 20% RH, see HansorLandjoy,
2006). The third term includes losses due to wadlilstion, and coagulation. The wall loss rate dor
dimer is approximately 1.5x¥0s?, while loss due to dilution is ~1x¥G* (Klrten et al., 2014). The
loss due to coagulation depends on the partickedigribution, and can be important when the dimer
evaporation rate is small. Loss of dimers due tlisaans with monomers (i.e., growth to form trirsgr
then dominates the coagulation term, which is Ugaal the order of 1®s? (e.g.N: = 1x10 cnt® and
G1,1°K11=6.9x10 cn? s1). All elements of the third term are, thus, snealinpared with the first term,
and so these can also be neglected. For the comglitif this study, consistent with the extrapolateic
by Hanson and Lovejoy (2006), the evaporation rateshowever larger than18?. This means that
evaporation dominates over the other losses; theréb . can be approximated by

0.5Gy 1Ky 1N?
koo = ZTAATLI, (5)
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The concentrations used in equation (5) are averager periods where conditions are close to steady
state. These periods are defined by conditions evtiner production and loss rates for the dimer had t
monomer are almost identical and the concentrato@siot subject to significant changes anymore. If
losses by processes other than evaporation weraegtigible, retrieval of evaporation rates would
require use of a numeric model that also includegelr clusters since coagulation loss depends on
concentrations of all other clusters. Neverthelessdel calculations simulating cluster and particle
concentrations are needed to evaluate other efidetgant to this study, as will be discussed @rtbxt
sections.

Comparison of the rate constants used for thdiosscbetween HSOand HSQ, (Section 2.3) and
between HSQO, and BSQ, yields that the neutral-neutral collision ratal®@ut the same as the charged-
neutral collision rate. This is due to the reldijivéarge enhancement factor from dipole-dipole
interactions for the neutral-neutral rates (McMurhp80; Chan and Mozurkevich, 2001) and the
observation that the reaction between the bisulfateand sulfuric acid seems not to proceed at the
collisional rate (Zhao et al., 2010). We have naamistic explanation why the formation of HSO
(H2SQ») should proceed at a rate slower than the catliside. Comparison with similar ion-molecule
reactions shows, e.g., that the formation ofzlIidxSQy) proceeds at the collision rate (Viggiano et al.,
1997), whereas this does not seem to be the casbefdormation of N@(HNOs) (Viggiano et al.,
1985). Uncertainties regarding the rate of formata the HSG@(H.SQ») cluster remain and these have
to be addressed in future studies. Further disonsgout the consequences this uncertainty haseon t

present study is provided in Section 3.8.

2.5 SAWNUC model

The Sulfuric Acid Water NUCleation model (SAWNUQ)Lmvejoy et al. (2004) simulates ion-induced
nucleation in the binary system. Cluster growttndated explicitly by a step-by-step addition dfuaic
acid molecules while equilibrium with water moleesilis assumed due to the relatively high
concentration and evaporation rate ebHompared to FEQ.. SAWNUC takes into account sulfuric
acid condensation and evaporation, coagulation, lesges due to walls and dilution (Ehrhart and
Curtius, 2013). In SAWNUC, evaporation rates of kntaegatively-charged clusters are based on
measured thermodynamics and partly on quantum datmalculations (Lovejoy and Curtius, 2001,
Froyd and Lovejoy, 2003). More detailed informatiom SAWNUC can be found in Lovejoy et al.
(2004), Kazil and Lovejoy (2007), and Ehrhart andtDs (2013).

As this study focuses on neutral binary nucleaties neglect the charged-cluster channel, and only
simulate the neutral channel. Coagulation coeffliisienave been calculated according to Chan and
Mozurkewich (2001). They quantified London-van &&aals forces (dipole-dipole interactions) for
particles in the binary system based on the thbgr$ceats (1989). Within this study of nucleation a
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low temperatures, only dimer (and sometimes trireeaporation has been taken into account. The exact

input parameters are specified in the followingises.

2.6 Dimer transmission through the sampling line

Previous dimer evaporation rates were evaluateld theé CIMS ionization source integrated within a
temperature-controlled flow tube (Hanson and Loyel®06). This set-up ensured that the temperature
did not change between the times when the dimeres feemed, and when they were ionized. In the
present study, the dimers formed inside the CLOWBNer, which is very precisely temperature-
controlled. However, the monomers and dimers hdaettransported from the chamber to the CIMS
through a 100 cm long sampling line. The first €@V of this line were held at the same temperatsire a
the chamber because it protruded through the tHemmasing and into the chamber. Moreover, the
sampling line was enclosed by an insulated copg®s.tSince a large part of the copper volume was
placed inside the thermal housing, the cold tempegavas maintained over the full length of thepmp
tube due to efficient heat conduction even for artsbection of the tube that was located outsige th
chamber, while the insulation minimized heat transb the surrounding air. The CIMS ion drift tube
was connected to the tip of the copper jacketedobagiline by means of a short tube that was not
temperature-controlled, exposing the last 15 ter2(ithe measured length is closer to 15 cm bueto b
conservative we took into account a somewhat lormistance) of the sampling line to warmer
temperatures. In this region the dimers could ingple have suffered from evaporation.

To estimate the evaporation effect, a finite défece method was used to calculate the temperature
profile, as well as the dimer concentration actbessampling line over its full length. The diffatel
equations for the monomar% 0) and dimeri(= 1) concentrations, were solved as a function of the

radial and axial coordinatesandz (Kurten et al., 2012):

ac; ] (1 Jdci | 9%¢ 6zci) 2Q ( rz) 0cq
at D; r ot + or? + 0z2 TR2 1 R%2) 0z + Si (6)

whereD; is the diffusivity,Q is the flow rate an® is the radius of the tube. A parabolic flow prefil
was assumed and the geometry was divided into siresdb in order to solve the differential equations
by a finite difference method. The source tesmsclude evaporation and production of dimers asd |
and production of monomers due to self-coagulatiod evaporation of dimers. Further reactions
(coagulation with larger clusters/particles) weoe taken into account since the time is rathertsfsor
1sforQ=7.5sImR=0.005 m, andl = 1 m) and the other loss terms are dominantnai differential
equation is used to determine the temperaturedrtbiel tube before the concentrations are calculated
This temperature is used to calculate the evaporati dimers in each of the small areas. The time-

dependent equations (tirjeare repeatedly solved until a reasonable dedreenvergence is reached.
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Figure 1 shows the results for a chamber temperaitiu223 K. The walls of the first 80 cm of the
sampling line were held at 223 K, while the last@0were held at 293 K (which was a typical maximum
day-time temperature in the experimental hall dutiee CLOUD5 campaign). It should be noted that
this is an extreme case because, in reality, thpaeature would slowly approach 293 K over the last
20 cm due to heat conduction along the walls of#rapling line. However, the calculations performed
here are used to obtain an upper-bound estimdte@rror due to evaporation. The temperatureef th
walls is indicated by the black color (223 K) ahd grey color (293 K). Figure 1 shows the normalize
concentration of dimers after initializing the momer concentration to 1x1@nt®; the dimer was
assumed to be at equilibrium initially. It was hgt assumed that both monomers and dimers are lost
to the walls due to diffusion, and that at the séime dimers are formed due to collisions of monmsne
but can also evaporate. Larger clusters or pastislere not taken into account. The dimer evaparatio
rate as a function of temperature was taken franitdrature at this stage (Hanson and Lovejoy6200

The profile shown in Fig. 1 indicates that, durithg first 80 cm, dimers are lost primarily via
diffusion because, in this section, they are egdgntin equilibrium regarding formation and
evaporation; only over the last 20 cm does evamorabtave an appreciable effect on the dimer
concentration. However, only the region close ®wlalls of the sampling line shows a rise in the ga
temperature; the center of the sample flow is @ggdlnunaffected. The estimated overall transnassi
efficiency for dimers is 0.228 at a flow rate o8 8lm in the half-inch tube (inner diameter ~10 mikin)
the temperature were held constant at 223 K oeeeftire tube length, the transmission would irszea
to 0.475 because only wall losses would take pl8oee the dimer concentration is corrected for the
effect of diffusion loss (see equation (1b)), tltelinonal loss factor due to evaporation would be
(1/0.228)/(1/0.475) = 2.08. However, this is anemppound estimate of the error introduced through
evaporation since the temperature is, in realitpdgally changing over the last 20 cm instead of
increasing as a step function as simulated. Fdother temperature of 208 K, the effect is evenlima
From the estimations presented in this sectiomrit therefore be concluded that, while the sampling
conditions are not ideal, the maximum error inticetliis very likely smaller than a factor of 2 (aés®o

error discussion in Section 3.8).

3. RESULTS AND DISCUSSION

3.1 Neutral vs. ion-induced experiments

Figure 2 (upper panel) shows the measured monomeérdimer concentrations from a binary
experiment at 208 K. The experiment is started wherlJV lights are turned on (at 14:16 UTC). The
first stage is conducted in a neutral environmatit the CFHV enabled. At 16:00 UTC (marked by the

dashed vertical line) the electrodes are groundéddjalactic cosmic rays (GCRs) lead to a build-up o
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ions in the chamber. While the monomer concentnasmot affected significantly by the GCRs because
the small ion concentration is generally only oa ¢ihder of a couple of thousand (Franchin et @520
and the HS®@ ions are not efficiently being detected by the SINRondo et al., 2014), the dimer
concentration is. For the neutral conditions theedi signal above background is due to neutral
(H2SQw).. During the GCR stage of the experiment, the disigmal gradually increases. This could be
due either to neutral dimers being charged in thd3Cor charged dimer ions forming within the
CLOUD chamber.

Unfortunately, there was no ion filter installed tile CIMS sampling line during CLOUDS to
eliminate the ion contribution to the CIMS sigridbwever, evidence exists that the additional signal
during GCR conditions is caused by a buildup ofnaber ions rather than formation of additional
neutral dimers during the ion-induced experimeRecently, it was reported that H3@ns clustered
to large oxidized organic molecules (OxOrg) carefficiently detected by the CIMS (Rondo et al.,
2014).

When both ions and sufficient8Qr are present in the chamber, HSBE,SOy), with n> 1 will be
formed (Eisele et al., 2006); these ions are appigrbeing detected by the CIMS as dimers to some
extent. The light HS® ions will be rapidly lost to the walls of the CIM&mpling line, whereas the
larger HSG (H.SQu)n=1 ions will have a lower loss rate. Therefore, tagér ions tend to have a higher
chance to survive the transport to the CIMS whieeg tan be eventually detected as artifact dinfiers.
this were the case, some of the observed dimealsignn the GCR stage in Fig. 2 might not be relate
to the neutral dimers, and should be discarded.

The Atmospheric Pressure interface-Time Of FligAPI(TOF, Junninen et al., 2010) mass
spectrometer measured the ion composition duriaeditht part of the CLOUD5 campaign. Figure 2
(lower panel) shows the HSGQH.SQy), (n = O to 8) cluster ion signals during a binary besperiment
at 223 K. In addition, the apparent CIMS dimer @ntcation is displayed. The dimer signal is well
correlated with the HSQH.SQy), signal forn > 5 (e.g. Pearson’s correlation coefficient betwian
dimer and the HSQ(H.SQ)s signal is 0.93), indicating that the dimer sigdaé to ions arises mostly
from larger cluster ions (hexamer and larger) whatHeast partly, fragment to He,SQy) before
they reach the mass spectrometer. It is, howewtrclear whether only the relatively large charged
clusters fragment, or if only these large clusterach the mass spectrometer due to an enhanced
transmission. The study by Rondo et al. (2014)ciaigis that ions need to be relatively heavy (oehav
a low enough electrical mobility) in order to redlol CIMS ion drift region. It is, therefore, alsossible
that ions that are smaller than the hexamer canldtinciple, contribute to the CIMS dimer channel,
but since they are not efficiently reaching the SiMheir contribution is negligible. Either poskti
would lead to the large charged clusters contrifguto the dimer signal (Fig. 2).

Another interesting observation is that the dinignal comes mainly from the neutral clusters when
ammonia is present in the chamber. Recent pulditatn the ternary ammonia system investigated at
CLOUD showed that the APi-TOF detects HSB8:S0Os)n(NH3)m with m> 1 whenn> 3 (Kirkby et al.,
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2011; Schobesberger et al., 2015). Our findingpethe observation that the mixed sulfuric acid
ammonia ion clusters are more stable than pureirsulécid clusters because they do not seem to
fragment to the same extent. As a consequence olitervations discussed in this section, onlyrakeut

experiments were considered for the evaluatioh®tiimer evaporation rates in the binary system.

3.2 Effect of fragmentation during neutral experiments

In the binary system, large cluster ions can fragraad contribute to the measured dimer signdhi
section the maximum error due to the observed fesation described in Section 3.1 is estimated. For
neutral cluster measurements, this process is, Yawdifferent from that described in the previous
section. Under ion-induced conditions the ions directly sampled from the CLOUD chamber.
Therefore, a relatively low concentration of clustes can contribute significantly to the dimegrsl
because the ionization process in the CIMS drifetis not needed for their detection.

In a worst-case scenario all cluster ions largantthe dimer (originating from neutral clusterteaf
ionization) would fragment and yield one H8E®I,SQ) thereby increasing the apparent dimer
concentration. It is important to note that everesy large charged cluster could only yield one HSO
(H2SQy) because the clusters carry only one negativegehdrhe cluster concentrations (dimer and
larger) can be calculated using the SAWNUC modehrly case, the cluster concentrations decrease
with increasing size, so the potential contributaecreases with increasing cluster size. Figure 3
provides an upper bound estimate of the magnitdidiie effect. In an example calculation for a
temperature of 223 K, a sulfuric acid monomer categion of 2x10 cm®, and dimer and trimer
evaporation rates from the literature (Hanson amekjoy, 2006) are used, while all other evaporation
rates are set to zero. The model yields conceotstior the neutral dimer and all larger clusters.
Summing the concentrations from the dimer up teréam cluster size, and normalizing the sum with
the dimer concentration, yields the results shawhig. 3 which indicate that the contribution oéth
larger clusters to the dimer is, at most, a fact@ larger than that of the dimers, even as omsiders
the contributions from very large clusters. Againthis estimation it is considered that even gdar
fragmented cluster can contribute only one HB@SQ,) because all clusters are singly charged. For
this reason the cluster number concentrations warered and not the number of neutral dimers in a
cluster.

The estimated factor in this section is an upjpeit.| It is unlikely that all clusters will fragménor
that they always yield HSQH.SQ:)) as the product. Instead, HSOmight result from the
fragmentation, because, not being an equilibriuot@ss, fragmentation would not always yield the
most stable cluster configuration. Moreover, sieeaporation cools the cluster, evaporation of réutr
sulfuric acid molecules from the largest clusteesyrhe incomplete. Another argument why the data
from Fig. 3 provide an upper estimate is due to rinduction in transmission efficiency for the

components of the mass spectrometer that is génelbaerved with increasing mass. In summary, the
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maximum effect of fragmentation is very likely dmetorder of a factor of 2, or lower (see also error

discussion in Section 3.8).
3.3 Binary (H.SO4+-H20) dimer concentrations and evaporation rates

Figure 4 shows the steady-state dimer concentsafisra function of the monomer concentrations at a
temperature of 208 K. The data are segregatedingry neutral (solid circles) and ion-induced (ope
triangles). The color code indicates the relativeidity (RH) over supercooled water. The blackdine
show the results from the SAWNUC model assuming flifierent dimer evaporation rates between 0
and 1 ¢ (indicated in the legend of the figure). Companidmetween the modeled curves and the
experimental data gives an indication of the mamgigtof the dimer evaporation rates, but the actual
values are calculated with equation (5) and wildiszussed in the context of Fig. 7. While the nhode
curves for 0.1 and I'sare straight lines with a slope of two on a log-filot, the lines for 0 and 0.01 s
1 show a pronounced curvature with a slope thatagmbres a value of one for the high monomer and
dimer concentrations. This curvature indicates &hfatll model calculation would be required in arde
to derive even smaller evaporation rates than tibbserved in this study. If the evaporation rate is
comparable to the other loss rates, these mechamised to be taken into account when estim&ting
Only when the evaporation rate dominates dimer g the full range of [FBQy] can other
mechanisms be neglected. The neutral binary daFagin4 indicate that the dimer evaporation rate
varies between 0.2'dor ~12 % RH and 0.04'sor 58 % RH at 208 K. Therefore, relative humidity
has a relatively strong effect, one that is morengjly pronounced than the higher temperature (832
255 K) data of Hanson and Lovejoy (2006) suggest @iscussion below). Our signal-to-noise ratio
was, however, not high enough to quantify the diatéemperatures above 223 K for direct comparison.
Figure 4 also gives an idea of the magnitude ofdheeffect on the CIMS dimer measurements (open
triangles). As discussed in Section 3.1, the iatuoed binary experiments show systematically higher
apparent dimer concentrations than do the neutpréments. For this reason they are discarded when
deriving dimer evaporation rates.

Figure 5 shows the monomer and dimer data formpeeature of 223 K. Again, the data show a
pronounced influence of relative humidity. The diregaporation rate is approximately 8at 12 %
RH and 0.6 $at 50 % RH. The ion enhancement effect can beledvinto two regimes, one in which
it seems to be limited by the availability of suwituacid, and a second one in which it is limitgctie
availability of ions and reaches a plateau wheeadimer signal ceases to increase with the sulfuniit
monomer concentration (open triangles).

The evaporation rates derived herein can be cadpaith the rates reported by Hanson and Lovejoy
(2006) after some unit conversions. The equilibraanstanKeq for sulfuric acid dimer formation from

monomers in the presence of water has been repast@danson and Lovejoy, 2006)

_ b _ 1 A _
Keq = 525 = 55 exp (7~ B) @)
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with A =(9210+£930) K, an@ = 31.4+3.9 for the temperature, 282 < 255 K, and a relative humidity

of 20% over supercooled water. Given the reportddes forA andB the thermodynamic properties
are estimated to beHd= -18.3+1.8 kcal mol and &= -39.5+7.8 cal moil K (Hanson and Lovejoy,
2006). Equation (7) provides the equilibrium consta units of Pa since the partial pressunesf the
monomers and dimers are used. In order to calcelsporation rates it is necessary to convert the
equilibrium constant to units of &rand to further apply the relationship betweerilégjium constant,

evaporation rate, and collision constant for theais (Ortega et al., 2012), leading to:

G1,1°K11
kp'T-106-Keg’ (8)

k,=0.5"
wherekg is the Boltzmann constant. We converted equilfriconstants reported by Hanson and
Lovejoy (2006) to evaporation rates using equaii®n Hanson and Lovejoy (2006) determined
evaporation rates at 20% RH; while our measuremeeite made at different RHs. Because RH has a
significant influence on the dimer evaporation lert analysis is necessary to make the two data sets
comparable.

Figure 6 shows the evaluated dimer evaporati@sras a function of the relative humidity (with
respect to supercooled water) for two differentgenatures (208 and 223 K). The rates from thisystud
are based on the data shown in Figures 4 and Baqumtion (5). The data were fitted by simple power
law fits and the slopes gf= -1 (at 208 K) angh = -1.6 (at 223 K) indicate that the evaporaticiesa
decrease significantly with increasing RH. Quailly this is in agreement with a previous experime
(Hanson and Lovejoy, 2006) and quantum chemicalutaions (Ding et al., 2003). However, Hanson
and Lovejoy (2006) reportepl = -0.5, where the exponepthas an uncertainty of £100%. Our data
indicate a somewhat stronger influence of RH on dkiaporation rates, which also seems to be
dependent on temperature.

The evaporation rates from Figure 6 with RH betw#@ and 30% were interpolated to 20% RH
using the reported slopes. Figure 7 shows thefdatathis study and from Hanson and Lovejoy (2006).

Fitting the combined data set for 20% RH givesftfiewing formulation for the equilibrium constant

1
K, —-ex

_ (10109+609) K
4 pa

—(35.03 + 2.61)). 9)

The black line in Fig. 7 shows the dimer evaporatetes derived from equation (9). The uncertasntie
in equation (9) are based on 95% confidence inter@verall, the two data sets are, within errors,
consistent with one another, and yield d -20.1+1.2 kcal mol and & = -46.7+5.2 cal mol K'*. We
caution that in this study the assumption is madédH does not vary with temperature; generally this
variation should, however, be small. These datesslghtly different than what has been reported by
Hanson and Lovejoy (2006). However, our data agiten errors with results from quantum chemical
calculations, taking into account the effect of evavapor (Ding et al., 2003). According to
measurements by Hanson and Eisele (2000) and euartemical calculations (Temelso et al., 2012;
Henschel et al. 2014) the sulfuric acid monomerdinter can contain water molecules. Therefore, the

data from Ding et al. (2003) taking into accourd #ffect of water vapor are relevant for this study
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Table 2 shows a comparison between different studialing with the sulfuric acid dimer formation.
Regarding the effect of water vapor it should beeddhat our experimentally determined evaporation
rates represent an average for dimers containifigreint numbers of water molecules. The exact
distribution of water associated with the dimerH g a function of relative humidity and temperatu
which cannot be taken into account explicitly irststudy. The data by Ding et al. (2003) suggest th
almost all sulfuric acid dimers contain four wateolecules at the conditions of this study. Therefor
there exist three possibilities for a sulfuric agidnomer (HSQy(H20)o-2) to dissociate from the dimer
with four water molecules. These reactions areedigh the last three rows of Table 2, where the
evaporation rates for the monomer of sulfuric agithout water have the highest values. These are
about two orders of magnitude faster than the éxetally determined values. One should note,
however, that the data by Temelso et al. (2012catd a different hydrate distribution and thislwil

have a significant influence on the resulting dffecdimer evaporation rate.

3.4 Neutral cluster measurement with CI-APi-TOF inthe binary system

During the CLOUD7 campaign, experiments were cotetbat ~206 K under binary conditions. In
addition to the CIMS two CI-APi-TOFs were deployddkinen et al., 2012; Kiirten et al., 2014). The
two instruments are labeled CI-APi-TOF-UFRA (instent from the University of Frankfurt) and CI-
APi-TOF-UHEL (instrument from the University of Hhki). In contrast to the CIMS used during
CLOUDS5, the sampling lines of the CI-APi-TOFs wara temperature-controlled. Therefore, dimer
evaporation was likely more pronounced. For thessom, we did not attempt to quantify the dimer
evaporation rate, although the dimer signals aemtatively consistent with the data shown in Bg.
However, the CI-APi-TOFs have a much wider masgeathan the CIMS, i.e., a maximum of
approximately 2000 Th. This increased mass ranigevedl larger clusters to be measured; indeed,
neutral sulfuric acid clusters containing up tosiiffuric acid molecules, i.e., HSQH.SQy), (n from O

to 9) were detected (Fig. 8). Eisele and Hansof@Rpreviously reported detection of neutral clsste
containing up to eight sulfuric acid molecules irfl@av-tube experiment using a quadrupole mass
spectrometer. However, their measurements wereaucted at much higher sulfuric acid concentrations
(~1@ cnt®) whereas in this study the conditions were atmespally more relevant (sulfuric acid
monomer concentration ~1.7X16n13). Therefore, the data presented in the followingdjdates that
atmospheric binary nucleation should be directigesbable at low temperature, e.g., during aircraft
measurements. Water molecules associated witHubeers were not detected with the CI-APi-TOFs;
these were most likely evaporated during ion tramisfto the high vacuum section of the instruments.
No ammonia was detected in any of the clusteregitven though ammonia can, in principle, be
observed with a similar instrument that measuresggd clusters (Kirkby et al., 2011), so it can be

concluded that the experiment was, indeed, under lpnary conditions.
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The upper panel of Fig. 8 shows the time-resobigdals from one of the CI-APi-TOFs ranging
from the monomer (HSQ i.e., S1) up to the decamer (HS®I.SQy), i.e., S10); all of these signals
clearly increase following the start of the expenithat 10:02 UTC. From the time-resolved data, the
steady-state signals for the different clustersevadatained for both instruments (red and blue sysnbo
in Fig. 8, lower panel). It was not attempted tovdeconcentrations from the count-rate signals tdue
the unknown influence of cluster evaporation wittia sampling line and transmission within the mass
spectrometers. However, the CIMS, which was opdriatgarallel to the CI-APi-TOFs with its own
dedicated sampling line, yielded a monomer conaéotr of 1.7x10cnt,

For this experiment we calculated the extent tickwion-induced clustering (I1IC) could contribute
to the signals. The equations provided by Chenl.e2812) were used to estimate the maximum
contribution from IIC (Fig. 8, lower panel). Thestteed red line indicates what cluster signals wbeld
expected if all neutral cluster concentrations @liand larger) were zero, and the only cluster vegre
formed by addition of EBQx monomers to the HSQions within the CIMS drift tube. The large
discrepancy between the observations (red diamamk}the dashed red line (it falls off very steeply
with increasing cluster size) shows that the cbaotion from IIC is negligible. Using SAWNUC
together with the dimer and trimer evaporationgdfeom this study and from Hanson and Lovejoy
(2006), respectively) allows us to predict all ¢dusconcentrations and then calculate the expected
signals (black curve). While the expected signadsnfthe model calculation are substantially higher
than the measured ones from the CI-APi-TOF-UFRA, gshape of the black (modeled) and the red
(measured) curve is very similar. This suggestsdlugter evaporation rates of the trimer andaatyér
clusters are not high enough to significantly dfféseir concentrations at this low temperature. The
slightly steeper slope of the measurements couldulecto a decrease in the detection efficiency as a
function of mass of the CI-APi-TOF-UFRA. In thisrgext it is also important to note that the CI-APi-
TOF-UFRA was tuned differently than in a previotisdy (Kirten et al., 2014) in which a relatively
steep drop in the sensitivity as a function of maas observed. The tuning in this study might Hade
to a more constant detection efficiency as a fonctif mass. The fact that the measured trimer kigna
is lower than the tetramer signal is thought taltefsom fragmentation of the trimers. Similarlyet
hexamer appears to suffer some fragmentation. TREPCTOF-UHEL was tuned to maximize the
signals in the mass range up to the pentamer. Qoaandy, in comparison to the other CI-APi-TOF,
this led to substantially higher signals in the sngegion up to the pentamer, with a pronounced loca
maximum around the tetramer (blue curve in FigH®)wever, for the larger masses the signal drops,
reaching levels that are comparable to those fleni-APi-TOF-UFRA.

Because so many questions remain regarding fraguiem cluster quantification, and the effect of
evaporation in the sampling line, the CI-APi-TOgrslls are only discussed qualitatively in the prese

study.

3.5 Sulfuric acid dimer concentrations in the ternay (H2S0Os-H-0-NH3) system
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During CLOUDS, ternary nucleation experiments wasaducted at temperatures of 210, 223, and 248
K. The addition of relatively small amounts of amma (mixing ratios below ~10 pptv) led to a
significant increase in the sulfuric acid dimer centrations compared to the binary system configmin
the enhancing effect of ammonia on new particlmfdron (Ball et al., 1999; Kirkby et al., 2011; Fwdr

et al., 2012; Jen et al. 2014). In the presendgHy, a fraction of the sulfuric acid will be bound to
ammonia. However, we assume that the sulfuric mcidomers and dimers will still be ionized by the
nitrate primary ions at the same rate as the pongoounds. The ammonia will, however, evaporate
very rapidly after the ionization (Hanson and Es@002). For this reason it is not possible temeine
directly the fractions of either the sulfuric acnomer or the dimer that contain ammonia. Theegfor
in the following we assume that the measured monasrthe sum of the pure sulfuric acid monomer
and the sulfuric acid monomer bound to ammonia;stmae assumption is made for the dimer. It has
been suggested that the sensitivity of a nitraMtegarding the sulfuric acid measurements coeld b
affected by the presence of ammonia (or other bidgesglimethylamine), which cluster with sulfuric
acid (Kurtén et al., 2011; Kupiainen-Maatta et2013). However, recent measurements at the CLOUD
chamber indicate that this is very likely a mintieet (Rondo et al. 2015).

Figure 9 shows the measured sulfuric acid dimecentration as a function of the sulfuric acid
monomer concentration for three different tempeest{210, 223, and 248 K), and several ammonia
mixing ratios (< ~10 pptv) under ternary conditiomg/o limiting cases that bracket the possible dime
concentrations and the influence of ammonia areated by the solid black line and the dashed black
line. The solid black line shows the case in wiattlevaporation rates are set to zero in the SAWNUC
model (the kinetic limit); the dashed black linélirates the case for binary conditions at 40% RH. |
can be seen that, at the lowest temperature (21th&dimer concentrations are close to the exgdecte
concentrations for kinetically limited cluster foation, as has been previously reported for theatgrn
sulfuric acid, water and dimethylamine system & R{Kurten et al., 2014). The ammonia mixing ratio
is ~6 pptv in this case (Fig. 9, upper panel). 28 X two different ammonia mixing ratios were
investigated. It can clearly be seen that the diomgrcentrations increase with increasing ammonia
mixing ratio. Different ammonia mixing ratios (~2® 8 pptv) were also studied at 248 K, but in this
case the variation in the ammonia concentration svaaller than for 223 K; therefore, the dimer
concentration variation is also less pronouncedaddition, the relative humidity changed from
experiment to experiment (RH is indicated by thalbmumbers written next to the data points); it
apparently influenced the dimer concentration, Whg not surprising given the results described in
Section 3.3, and those of Hanson and Lovejoy (2006) data show that very small ammonia mixing
ratios (pptv range) can strongly enhance dimer &vion under atmospherically relevant sulfuric acid

concentrations and low temperatures.

3.6 Acid-base model
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In order to better understand what influences iheed concentration in the ternary system, we have
developed a simple model (Fig. 10). This heuristmdel is motivated by recent studies which have
simulated acid-base nucleation of sulfuric acidmramia, and amines with similar methods, i.e., witho
simulating every possible cluster configurationlexiy (Chen et al., 2012; Paasonen et al., 2QE2

et al., 2014). Following the notation of Chen et(2012), a sulfuric acid molecule is termed A, l&hi
the base ammonia is termed B. Dimers ¢AA:B) may form via two different routes: (a) two sulfu

acid molecules A can collide and form a pure sidfacid dimer (A), which can further collide with B
and form AB, or (b) a sulfuric acid molecule can collide with ammonia molecule and form an AB
cluster, which can further collide with A (or anethAB cluster) to form AB (or A:B2). The model
further assumes that trimers can either contaiglyssulfuric acid (A), or are associated with ammonia
(AsBy).

For all larger clusters we make no distinction hesw pure sulfuric acid clusters and ammonia
containing clusters. We further assume that thetets cannot contain more bases than acids, so
reactions like AB + B are not considered as theaglsaise is expected to evaporate much more rapidly
than it can be gained through collisions at thatnatly low base concentrations (Schobesberger,et a
2015).

The model differs somewhat from that used by Céeal. (2012) and Jen et al. (2014). They
considered two separate schemes; in their firsgraeh they assumed that two different dimer versions
exist — a volatile dimer, and a less volatile dirttet is formed through collision between the \itdat
dimer and a base molecule. The less volatile dicaer form a trimer or a tetramer (through self-
coagulation), which are assumed to be stable. gdfieme is similar to pathway (a) described above.
Their second scheme assumes that the sulfuricrasrbmer can form a cluster AB, which can be
turned into a stable dimer. This dimer can themfartrimer that is allowed to evaporate at a rashew
rate (0.4 3 at 300 K). Once the size of the tetramer is redthe cluster is assumed to be stable. Except
for the evaporation rate of the base-containingédrithis scheme is identical to route (b) described
above. Our approach combines the two channels bedageems likely that dimers can be formed
through the two different pathways at the same {(iRrig. 10), especially when the temperature is low
and the evaporation ofAs relatively slow. In addition, we assume that ¢imly base-containing cluster
that can still evaporate at these low temperat(@d8 K and colder) is AB. Quantum chemical
calculations (Ortega et al., 2012), and the measemés of Hanson and Eisele (2002) support the
assumption that the cluster containing two sulfaditl molecules and one ammonia molecule is stable
even at relatively high temperature (275 K in thankbn and Eisele (2002) study). Furthermore, since
the evaporation rate of the base-containing trireported by Chen et al. (2012) is quite small & RO
(0.4 sY), we assume that, at the very low temperaturethisfstudy, this evaporation rate becomes

negligible.
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The quantum chemistry data from Ortega et al.Z28ipport the assumption that a trimer containing
at least two bases is relatively stable (evapanatite below 0.1%5at 300 K). However, it predicts that
the trimer containing only one ammonia moleculeadhagh evaporation rate regarding an acid molecule
(=1000 ¢ at 300 K); additional ammonia in the trimer wdlter the evaporation rates. For this reason
the trimer concentration will strongly depend oa #mmonia concentration, which controls the cluster
distribution. Therefore, the Chen et al. (2012ueatan be regarded as a best estimate for thellovera
trimer evaporation rate for their experimental dtads. Herb et al. (2011) also simulated the dffec
that one water molecule has on the acid evaporagi@nfrom (HSQy)s3(NHs)1(H20)o1 clusters. While
the water molecule lowers the evaporation rat@bselute evaporation rate is higher (2.9<0at 300
K) than for the Ortega et al. (2012) data.

3.7 Thermodynamics of the HSOs*NH; cluster

Under these assumptions, the model of Fig. 10 wad to probe the kinetics using the measured &ulfur
acid monomer, and ammonia concentrations, alortgtivi dimer (A) and trimer (A) evaporation rates
as a function of relative humidity and temperafuoen this study and from Hanson and Lovejoy (2006).
The only free parameter in the model is then thepexation rate of AB; we adjusted this until the
modeled dimer concentration matched the measureduoder steady-state conditions. From the
evaporation rates at the different temperatureshdenodynamics (d and &) of the cluster AB were
retrieved from a least-square linear fit (logaritbhthe equilibrium constant vs. the inverse terapee)
which yields dH = -16.1+0.6 kcal mol and &= -26.4+2.6 cal mol K for H;SQsNHs.

Unfortunately, the number of data points usecetove the ¢ and Svalues is quite small. At 210 K
the measured dimer concentrations are very clogetkinetic limit estimation, so the evaporatiates
must be very low. This indicates that small vaoiasi in the monomer and dimer concentration can lead
to a large variation in the evaporation rate of ABese data points were, therefore, neglectedh®n t
other hand, the effect of the relative humiditytbe evaporation rates of ammonia containing claster
is not known, so only those experiments that werelacted at similar RH, i.e., ~25%, were considered

Figure 9 also shows the calculated dimer concéomiausing the model with the evaporation rate
of AB inferred using the derived thermodynamicseopolored triangles). The error bars reflect a
variation of the evaporation rate fop$0*NH3 according to the uncertainties of the dH and dSesa
The lowest dimer concentrations result if the eofodH is implemented in the positive direction and
the error of dS in the negative direction. The kijtdimer concentrations result by reversing thessi
in the error calculation. The good agreement betweeasured and modeled values indicates that the
model successfully reproduces the dimer conceatrsitbver a wide range of conditions. Furthermore,
we have also simulated the experiments of HansdrEssele (2002) for the ternary system involving
ammonia, who used a sulfuric acid concentratiol.8k1@ cn® and an ammonia concentration of

3.8x10 cn® at a temperature of 265 K and an RH of ~10%. @loutated dimer concentration agrees
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with their measured concentration within about 40R&ble 3 shows a comparison with the cluster
concentrations (dimer to pentamer) measured bydteasd Eisele (2002) and the ones from this study
using the acid-base model described above.

Table 4 compares ouHdand & values as well as the corresponding evaporati@s far selected
temperatures with other data obtained from quards@mical calculations (Torpo et al., 2007; Nadykto
and Yu, 2007; Ortega et al., 2012; Chon et al. 42@hd from one flow tube experiment (Jen et al.,
2014). Overall, the agreement is good. Howevas, difficult to take into account the effect the deb
assumptions have on the outcome of the valuesdrtorstudy. In addition, only a small number of data
points have been taken into account in this study.

One also needs to keep in mind that the clustardtion was observed at ~25% RH (with respect to
supercooled water) in this study, while most ofttieoretical studies did not take into accountffiect
of water except the one by Nadykto and Yu (200Heiff data suggest that the evaporation rate of
H.SQueeNH3e(H20)x increases when the number of associated watercmiekeincrease. The study by
Henschel et al. (2014) indicates that about onemmblecule is attached for the RH relevant of this
study. However, Henschel et al. (2014) reported tiesults only for a temperature of 298 K, whereas
the temperature of this study is 248 K and lowehe#lder the evaporation rate is increasing with
increasing RH cannot be concluded from our dateeler, one needs to keep in mind that similar to
the dimer in the binary system, the reported ewatpmr rates and thermodynamic data for the
H>SQOyNH3 represent average values that can include clustdrsattached water molecules.

The comparison in Table 4 also lists the expertalestudy by Jen et al. (2014) who determined the
evaporation rate of #$Qy*NHz at ~300 K from a transient version of their secenodeme (formation
of dimers only via AB, see above). The extrapolatatlie from the present study is, however, in
relatively good agreement with their value. The eatmat lower evaporation rate of Jen et al. (2014)
could be explained by the fact that they did natstder the formation of dimers by self-coagulatdn
A. Furthermore, they assumed that the trimer hasvaporation rate of 0.4'sBoth these assumptions
require a slower evaporation rate for AB than duidg suggests to explain the measured dimer
concentrations at a given monomer and base coatientr

Overall, our measurements in the ternary systehd yialues of the thermodynamic properties of the
H.SQweNH3 cluster that are in rather good agreement with rbgults from quantum chemical

calculations. However, since the number of datatpas limited, the uncertainty is rather high.

3.8 Uncertainties

The error bars shown in Fig. 4 and 5 include thedsdrd variation of the individual data points and
30% (50%) systematic uncertainty in the monomeméd) concentration. The two error components
are added together in quadrature. The systemaiicseare estimated based on the uncertaintiesin th

calibration coefficienC for the monomer. Due to the higher uncertaintyhef sampling losses for the
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dimer, and the uncertainty of the transmission exgion factor (Section 2.3) a somewhat higher
uncertainty has been chosen in comparison to thmmer. The error bars in Fig. 7 are obtained when
using Gaussian error propagation on equation (ghitomonomer and the dimer concentration.

In addition to these errors, the effects of evapon of the dimer in the sampling line (Sectio6)2.
and fragmentation (Section 3.2) have been discussede. Each of these effects is very likely on the
order of a factor of two or smaller. These procegsebably influence all of the dimer data to some
extent. However, these errors work in oppositectives: evaporation will lead to a reduction of the
dimer concentration, while fragmentation of largdusters will tend to increase the apparent
concentration. Therefore, the two effects partialtynpensate each other, so they were not taken into
account in the calculation of the error bars.

One additional uncertainty is introduced by thsuasption that the CIMS detection efficiency is
independent of temperature. The study of Viggiaral.€1997) indicates that the collision rate besdw
nitrate primary ions and sulfuric acid is only aakdunction of temperature between 200 and 300 K.
Therefore, we expect that temperature only hasadl gffiect on the sulfuric acid concentrations.

The exact values of dimer evaporation rates depenthe choice 061,1°K1 1, i.e., on the overall
collision rate between two neutral dimers and eafore subject to an additional uncertainty begaus
this value is based on theoretical calculationsvéieer, the thermodynamic data derived in this study
does not depend on the valuegGafieK1,1 because both the data from this study and théroneHanson
and Lovejoy (2006) in Fig. 7 were calculated ugimg same factors. Therefore, when derivikbahd
dSthe collision rate cancels out in the calculati(ezfsequations (5) and (8)).

In contrast to the exact value Gf 1°K1 1 the charged-neutral collision ratg between HS® and
H>SQ; is important because its value scales the dimecardrations and evaporation rates from this
study while leaving the data from Hanson and Loy€R9D06) unaffected. The reported value of 8x10
10 cm? st for ko1 from Zhao et al. (2010) suggests that this chargadral reaction is not proceeding at
the collision limit (value of ~2x1®cm? s1). When using the faster reaction rate for the ghameutral
collision limit some of the dimer concentrationsulMbexceed the kinetic limit (cf. Fig. 9, upper pin
because all dimer concentrations would need tacaled up by a factor of 2.5; therefore the fasies r
seems to be implausible. However, using the uppdrfor the collision rate results irH= -23.0+1.6
kcal mol* and 6= -58.5+6.9 cal mol K.

The estimates of the thermodynamic propertiehefHSQrNH; cluster rely on the assumptions
made in the model (Section 3.6). One of the immbréssumptions made is that the base-containing
trimer and tetramer do not evaporate significanflye data of Ortega et al. (2012) suggest that the
evaporation rates of thesBq and the AB; clusters are not negligible, even at temperatatrasd below
248 K. However, the presence of further ammoniaegudes in the trimer and tetramer can lower the
evaporation rates and water should have a simifacte(Ortega et al., 2012; Herb et al., 2011). In
contrast, the base containing dimesBAhas a very small evaporation rate. No experialatdta have

been found that support the relatively high evajonaates of the base containing trimer and tedéram
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Instead, the study by Hanson and Eisele (2002)leded that the critical cluster in the${-H.O-

NHs system very likely contains two sulfuric acid mmlées and one ammonia molecule at temperatures
up to 275 K. In addition, an evaporation rate of §* for the base-containing trimer could explain
observed atmospheric nucleation rates at relatmelym temperatures of 300 K (Chen et al., 2012).
This evaporation rate should decrease furtherva¢rdemperatures. Significant uncertainties remain
regarding the evaporation rates of these clusharier experiments will be needed to reduce tliese

the future.

4. SUMMARY AND CONCLUSIONS

A Chemical lonization Mass Spectrometer (CIMS) wsed to measure the concentrations of the neutral
sulfuric acid monomer and dimer during nucleatiopezgiments at the CLOUD chamber. These
experiments were conducted at temperatures asd@9&K, making them relevant to conditions in the
free troposphere. Both, the binary.8@:-H,0) system, and the ternary system involving ammonia
(H2SQi-H20-NHs) were investigated.

Comparison of neutral and ion-induced nucleatigpeeiments indicate that the CIMS detected a
significant number of fragmented ion clusters. Ttosfirms the so called “ion-effect” on the CIMS
measurements that was recently described by Rdralo(@014). However, while Rondo et al. (2014)
observed that fragmented HS@xOrg clusters contributed to the CIMS sulfuriadaenonomer
measurement, we observed a similar effect for tih@SCsulfuric acid dimer measurememt/g 195).
Interestingly, the ion effect on the CIMS dimerssvedmost absent as soon as ammonia was present in
the CLOUD chamber. This is consistent with the olmson that ammonia stabilizes sulfuric acid
clusters and, thereby, enhances nucleation (Kidtlal., 2011; Schobesberger et al., 2015).

From the measured monomer and dimer signals dirragroration rates were derived and compared
to previous flow tube measurements made by Hansdr.avejoy (2006) for the binary system. Their
measurements were performed over a temperature @232 to 255 K. The data from the present
study were obtained at lower temperatures, 20828K Together, the two data sets yield a revised
version of the Hanson and Lovejoy (2006) formulatior the dimer equilibrium constant at 20% RH
with dH = -20.1+1.2 kcal moil and &= -46.7+5.2 cal mol K. This result is obtained when assuming
that the evaporation of larger sulfuric acid clustgrimer and larger) does not contribute sigaifitty
to the dimer concentration, which is the caselerdonditions of this study. Due to the wide terapge
range (208 to 255 K) covered by the two data dbis, new estimate provides a high degree of
confidence when being used at the very low tempszatwhere binary nucleation can be efficient.
Regarding the formation of dimers in the binarytsys Hanson and Lovejoy (2006) stated that an
increase in the relative humidity leads to an iaseein the dimer equilibrium constant, (KRH) with

a power dependency pfbetween 0 and 1. The best estimate for the poe@ertiency was reported to
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be 0.5 (Hanson and Lovejoy, 2006). Our data indit@t the exponent is around 1 at 208 K and around
1.6 at 223 K, i.e., at the upper end of what has pgeviously assumed.

The ternary experiments involving ammonia$-H.O-NHs) showed that the addition of very
small amounts of ammonia (in the pptv range) siypaghances the sulfuric acid dimer concentration.
The dimer concentrations are systematically higinan those for the binary system at a given
temperature and sulfuric acid monomer concentratiurthermore, they increase with increasing
ammonia mixing ratio. This confirms previous sudmes that ammonia acts as a stabilizing agent,
even for the very small sulfuric acid clusterscémtrast to the previous experiments, the presmuits
were obtained at atmospherically relevant concgatra of sulfuric acid and ammonia, and at low
temperature. For the first time the thermodynanutdshe HSQ»eNH; cluster was experimentally
investigated from measurements of the monomer haddimer. The measurements were made at
temperatures of 210, 223, and 248 K, with ammoriing ratios below ~10 pptv. Using a revised
version of a simple conceptual model first propolsgdChen et al. (2012) we were able to derive the
thermodynamic properties of the$u*NHs cluster. The obtained values ¢f & -16.1+0.6 kcal mol
and &6=-26.4+2.6 cal molK* are in good agreement with results from quantuemibal calculations.
Using the proposed model with the evaporationohtee HSOQi*NH3 cluster as a fitting parameter, the
measured dimer concentrations in the ternary systambe reproduced with a high accuracy for the
conditions of this study. A previous study suggestat the (HSQy).NH3 cluster is thermodynamically
stable (Hanson and Eisele, 2002). With this obsienvathe model can be used to calculate nucleation
rates in the ternary system, which relies on expantally determined thermo-chemical data and on the
assumptions that ammonia containing trimers amdrtedrs have insignificant evaporation rates for the
conditions of this study.

Finally, large neutral sulfuric acid clusters @ning as many as 10 sulfuric acid molecules were
observed for the binary system at 206 K. Thesdesisvere measured with two Chemical lonization-
Atmospheric Pressure interface-Time Of Flight ((#AOF) mass spectrometers. Since these
measurements were not made with a temperatureetiedtsampling line the absolute determination of
the cluster concentrations was not attempted. Hewekie signals are consistent with the assumption
that cluster growth is essentially kinetically aatied for all of the observed clusters above timaed.

The observation of these large clusters at the ruppd of atmospherically relevant sulfuric acid
monomer concentration of ~1.7¥1@n1® shows that observation of nucleating clusters ha t
atmosphere should be feasible. In the future,afiroperation or measurements at high-altitudéostat
using CI-APi-TOF could provide insight into the iompance of binary vs. ternary ammonia nucleation

in the free troposphere.
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TABLES

Campaign  Instruments Binary system Ternary system ainfindings
CLOUD5 CIMS, investigated at investigated at  a) binary system: ion effect on
API-TOF 208 and 223 K, 210, 223, and apparent CIMS dimer
RH ~10to 60% 248 K, measurements (Section 3.1)
ammonia b) binary system: thermodynamics
between ~0.5 of sulfuric acid dimers (Section
and 8 pptv 3.3)

c) ternary system: thermodynamics
of H,SOu*NHj3 cluster (Sections

3.5and 3.7)
CLOUD7  CIMS, investigated at not investigated observation of neutral clusters
CI-API-TOF 206 K at low containing up to 10 sulfuric acid

temperatures molecules (Section 3.4)

Table 1. Overview over the different conditions, instrumgeeand main findings relevant to this study from the

CLOUDS5 and CLOUD7 campaigns.
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Study H ds koeat 208 K koeat 223 K

(kcal mot*)  (cal mol* K%) (sh (sh)
this study (20% RH) -20.1+1.2 -46.7+5.2 0.15 3.9
Hanson and Lovejoy (20% RH) -18.3+1.8 -39.5+7.8 20.3 6.0
(H2SQy)(H20) + (H.SQ)(H20)? -17.8 -48.3 89.3 1550
(H2SQy)(H20)z + (H2SQ)(H-0)? 21.1 -51.7 0.17 5.0
(H2SQy) + (H2S0s)(H20)4? 22.1 -47.3 1.6x10°3 5.7x10?2
(H2SQy)(H20) + (H.SQy)(H20)s? -22.8 -45.6 1.3x10% 5.0<10°%
(H2SQy)(H20)z + (HSQy)(H20):° -25.6 -55.7 2.4x10° 1.5¢103

Table 2. Thermodynamic propertiesiidand &) and evaporation rates of the sulfuric acid difnem this study

and from the literaturéLiterature data from Ding et al. (2003).
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cluster Hanson and Eisele (2002) acid-base model, this study

N; (total dimer) 1.1x10 cnt 7.0x1C cnt (-36 %)
N3 (total trimer) 6.5x1C cnt? 5.6x1C cnt (-14 %)
N, (total tetramer) 6.6x1C cnt 4.7x1C6 cntd (-29 %)
Ns (total pentamer) ~4x1C cnm® 4.1x1C cntd

Table 3.Comparison between measured cluster concentrdiiopHsinson and Eisele (2002) and simulated cluster
concentrations using the acid-base model desciib8dction 3.6.
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Study H das keat 210 K keat248 K  keat 300 K
(kcal motY)  (cal mol* KY) (sh) (sh) (sh)
this study -16.1+0.6 -26.4+2.6 0.11 36 9.8x10°
Torpo et al. (2007) -15.81 -28.57 0.63 200 4.7x10°
Nadykto and Yu (200%) -16.72 -30.01 0.15 64 2.1x10°
Nadykto and Yu (2007), -15.91 -30.23 11 370 9.2x10*
H2SQu(Hz0) + NHs
Nadykto and Yu (2007), -15.27 -30.49 6.0 1.5x1C° 3.1x10°
H2SQu(H20), + NHs
Nadykto and Yu (2007), -15.44 -32.30 10 2.7x10° 5.8x10°
H2SOu(H-0)s + NHs
Ortega et al. (2018) -16.00 -28.14 0.32 107 2.8x10*
Chon et al. (2014) -15.43 -29.63 2.7 720 1.5x10°
Jen et al. (2014) - - - - 400 to 2500

Table 4. Thermodynamic propertiesidand &) and evaporation rates of theS@u*NH3; cluster from this study

and from the literaturéExperiments conducted at ~25% RH (with respecufescooled waterfNo effect of

water vapor consideretExperiment conducted at ~30% RH.
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Fig. 1. Simulated transmission of dimers through the CBa8ipling line at a temperature of 223 K for
the incoming air. The temperature of the samplimg is fixed to 223 K for the first 80 cm (blackioo
at top axis) and to 293 K for the last 20 cm (grelpr at top axis). Wall loss is the dominant Ipsscess
over the first 80 cm, whereas evaporation is antiaddl loss process for the last 20 cm. The overal
transmission (diffusion loss and evaporation) i822at a flow rate of 7.6 liter minwhile it is 47.5%

when evaporation is neglected (diffusion loss arBge text for details.
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Fig. 2. Upper panel: observed ion effect on CIMS sulfaged dimer (Vz 195) measurements at 223
K. The first part of the experiment is under nelutanditions, the second part is a GCR run witrsion
present in the chamber. The increase in the dilgaakduring the GCR stage is due to ions detected
by the CIMS and not due to neutral dimers. Lowergbacomparison between the APi-TOF signals and
the CIMS dimer measurements for a different ionscetl experiment at 223 K. The ion clusters (S6,
i.e., HSQ(H2SQy)s and larger) show a clear correlation with the appldimer signal, which indicates
that fragmented cluster ions contribute to the CINdigher measurement (Pearson’s correlation

coefficient between dimer and S6 is 0.93).
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Fig. 8. Cluster measurements for the binary system at2&&éd a RH close to 100% over ice measured
with two CI-APi-TOFs (UFRA and UHEL instruments)h& upper panel shows the monomer (S1) and
the cluster signals (Si> 2) normalized by the nitrate ion signals as a tiencof time (1 minute time
resolution) for the CI-APi-TOF-UFRA. The lower parslhows the measured steady-state signals as

well as expected signals using different assumptamfunction of the cluster size. See text foaitket
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Fig. 9. Sulfuric acid dimer concentrations as a functidthe sulfuric acid monomer concentration at
three different temperatures for the ternary systemmlving ammonia (ammonia mixing ratio indicated
by the color code). The colored circles are the suesd concentrations. Lines are from model
calculations indicating the expected concentrationshe binary system (dashed line) and the kineti
limit (solid line). The numbers indicate the RH %) during an experiment. Open colored triangles ar
the simulated dimer concentrations using the reacttheme from Fig. 10. These are slightly offget t

the right in order to improve readability.
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Fig. 10. Reaction scheme for the sulfuric acid dimer foiomatin the ternary system at a low
temperature. ‘A’ denotes a sulfuric acid molecalgj ‘B’ an ammonia molecule. ‘Monomer’ is the sum
of the concentration of the pure sulfuric acid @&d the sulfuric acid bound to an ammonia (AB).
‘Dimer’ is the sum of all clusters containing twolfsiric acid molecules (A+ A2B + A2B) and the
same applies for the ‘trimer’ with three sulfuricich molecules. The arrows indicate the relevant
reactions and whether only collisional growth (#rgnded arrow) or growth as well as evaporation
(double-ended arrow) are important. Losses duealtswdilution and coagulation are included in the
model but not indicated. Small numbers representeairations for an example calculation at a

temperature of 248 K, a [monomer] of 1x101 and a [NH] of 2x1( cn®. See text for details.
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