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Abstract. Reactions between pyridine containing water itively and negatively charged cluster ions may occur. For
cluster ions, H(pyridine)(H20),, H*(pyridinel(H20), small clusters, this is believed to be associated with exten-
and H"(NHz)1(pyridine)(H20), (n up to 15) with Nk sive fragmentation; for large clusters coalescence may occur.
have been studied experimentally using a quadrupole timeThese larger neutral clusters formed by the recombination
of-flight mass spectrometer. The product ions in the reac-are suggested to be large enough to continue to grow sponta-
tion between H (pyridine),(H20), (m=1 to 2) and NH neously into new aerosol particles by condensation (Yu and
have been determined for the first time. It is found Turco 2000; Yu 2003).
that the reaction mainly leads to cluster ions of the form  geyeral air ion mobility measurements have identified
H* (NH3)1(pyridine), (H20), —, with x =1 or 2 depending  ¢juster ions in the troposphere. However, the chemical na-
on the initial size of the reacting cluster ion. For a given yre of these cluster ions is often difficult to identify (Horrak
number of water molecules (from 5 to 15) in the cluster ion, o al., 2000; Vana et al., 2008). By contrast, there have been
rate coefficients are found to be slightly lower than those formeasyrements and identification of molecule ions in the tro-
protonated pure water clusters reacting with ammonia. The,gsphere during the last two decades. A large fraction of the
rate coefficients obtained from this study are used in & ki-mglecule jons observed in these studies has likely originated
netic cluster ion model under tropospheric conditions. Thefom cluster ions that fragment before mass analysis (Eisele,
disagreement between ambient ground level measuremeni®ga 1986, 1988: Eisele and McDaniel, 1986: Eisele and
and previous models are discussed in relation to the reSU|t‘~Fanner, 1990: Schulte and Arnold, 1990). The first ground
from our model and future experimental directions are sug-p3sed measurement of atmospheric ion composition was per-
gested. formed by Perkins and Eisele in 1983 (Eisele, 1983; Perkins
and Eisele, 1984). In the measurements, several unidentified
positive ions were observed (Perkins and Eisele, 1984). Im-
1 Introduction proved measurements conducted a few years later revealed
the unidentified ions that had a mass-to-charge ratio of 80,
Atmospheric ions are initially formed by solar radiation, 94 and 108 to be protonated pyridines@NHT), pro-
galactic cosmic rays and radioactive decay. The ions ard¢onated picoline (methyl-pyridine) and protonated lutidine
found in the entire atmosphere, although the formation mech{dimethyl-pyridine), respectively (Eisele, 1986, 1988). Sev-
anisms vary with altitude, region and time of day. The maineral other ions have been identified in the troposphere in
products of the ionisation of air are;ON; and free elec- addition to these, although pyridinium and its derivatives
trons (Wayne, 2000). Attachment of neutral polar moleculesare often found to dominate the mass spectrum. For exam-
to the ions leads to charged molecular clusters. Subsequent fgde, Schulte and Arnold (1990) identified pyridinium as the
cluster formation and growth, ion-ion recombination of pos- dominating ion in air-plane based measurements in the free
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troposphere over Europe. Recently, Junninen et al. (2010jor the formation of these pyridinated cluster ions from
measured day-time air ions at an urban site (the SMEAR llIHT(H20), clusters. The first reaction pathway starts with
station in Helsinki), using an Atmospheric Pressure Inter-addition of NH; to a protonated water cluster. The formed
face Time-of-Flight instrument. They identified protonated cluster can thereafter react with a pyridine type molecule X:
poly(alkyl) pyridines as one of the main positive compound

types. Ehn et al. (2010) measured day and night-time ait™ (H20), + pNH3z — H" (NH3) ,(H20), (R1a
ions at a remote site (the SMEAR |l station in Hal#) us- N N

ing the same instrument. They observed pyridine ions and?” (NH3)»(H20), +X — H™ (X)1(NH3) ) (H20),. -

alkyl substituted pyridine ions in both the day and night-time
ion spectra, with approximately a factor two higher concen-
tration during night-time.

S f at heri idi d ovridine derivati In the second reaction pathway, a pyridine molecule reacts
ources ot atmospneric pyridin€ and pyridine dervatives,, ;, 5 protonated water cluster. The pyridine is thereafter

are supposed to be biomass burning, automob_|le_ exhaus jected when ammonia attaches to the cluster in a second
coal tars and tobacco smoke (Clemo 1973; Saintjalm an tep:

Moreetesta, 1980; Beig, 2008). The main atmospheric
sink is considered to be reaction with OH radicals (Eisele,+ 1,0, + X — H (X)1(H20),_x +xH20 (R23
1986; Atkinson et al., 1987; Eisele, 1988; Yeung and El-

rod, 2003). Yeung and Elrod (2003) calculated atmospherigq* (X)1(H,0), + pNH3 — H* (NH3) ,(H20), +X  (R2b)
lifetimes based on experimentally determined reaction rate

coefficients for pyridine and for various substituted pyridine The second step can thereafter be followed by Reac-
compounds to be 44 days and around 1 to 10 days, respetion (R1b) above to form a cluster containing both ammo-
tively. Other suggested atmospheric sinks of significancenia and pyridine. The driving force behind these reactions
are reaction with HN@ in polluted environments (Atkin- — forming cluster ions containing ammonia and pyridine
son et al., 1987) and reaction with atomic chlorine (Zhaoderivatives — appears connected to the high basicities of am-
et al., 2007). Due to the localised and sometimes irregulamonia and the pyridine derivatives. Note that loss of water
nature of the sources — as well as the relatively short atis likely to occur also in the first step of the first mechanism
mospheric lifetimes — the concentration of pyridine is ex- (Reaction R1a) and in the second step of the second mecha-
pected to be highly variable with time and location (Beig nism (Reaction R2b); however, this was not included in the
and Brasseur 2000; Yeung and Elrod, 2003). Few meanotation by Beig and Brasseur.

surements of pyridine concentrations in the atmosphere ex- The rate coefficients for the first three reactions have been
ist. Among these, Tanner and Eisele (1991) measured aetermined by Viggiano et al. for the case X = pyridine (Vig-
concentration of about 2.5 pt50% (62 x 10’cm=3) of  giano et al., 1988a, b). The rate coefficients were found to be
molecular pyridine at Mauna Loa Observatory, Hawaii. In approximately equal to the collision rate constant. The rate
the measurements by Junninen et al. (2010) about®cm of Reaction (R2b) is unknown:; Beig and Brasseur assumed
of protonated pyridine was observed at the urban SMEAR10-11cm—3s1 as an upper limit for the rate coefficient for

Il station in Helsinki. However, in contrast to most previ- all pyridine derivatives in their study, this is two orders of
ous measurements they found up to six times higher conmagnitude lower than the rate coefficient for Reaction (R1b)
centrations for ionic alkyl substituted pyridine compounds at 298 K.

H*tCsHsN(CHy),, 1 <n <6, including picoline and luti- The pyridinated cluster ions, HX)1(NH3),(H20),,

dine. The reason for this is unknown but interesting and thewhich may be the dominating positive cluster ions in the
findings show that there is a need to better understand the agtmosphere, as suggested by Beig and Brasseur, could po-
mospheric chemistry of these compounds. Ehn et al. (2010)entially be an important source for new aerosol formation.
reported average concentrations of pyridinium and alkyl sub-However, these cluster ions have to date not been measured
stituted pyridine ions from the SMEAR Il station in Hygta in the atmosphere. This discrepancy has motivated us to per-
during 4 days in early May 2009: pyridinium 36.4 ¢ pi- form well controlled experiments to investigate the formation
colinium 57.3 cnt3, lutidinium 33.5cnT3. Also in this case, mechanisms of these clusters. The reactions of two types of
alkyl substituted pyridine ions were higher in concentration cluster ions with NH in a cluster beam experiment are stud-
than the pyridine ion. ied; the clusters being Hpyridine),(H20), (m =1 to 2,

A kinetic cluster ion model by Beig and Brasseur (2000) » < 15) and H (NH3)1(pyridine) (H20), (alson < 15). The
indicate that pyridine-containing clusters may be the dom-results from the experiments are input to improve the present
inating positive ions in the lower free troposphere (from kinetic model by Beig and Brasseur for atmospheric positive
1 to 6km above ground). More specifically, the pyridi- ions. The importance of evaporation of pyridine from the
nated cluster ions in the model were"(K)1(H20), and  cluster ions is also studied in the improved model. Finally,
H*(NH3) ,(X)1(H20),, where X =pyridine, picoline or lu- the atmospheric implications of the experimental results and
tidine. Beig and Brasseur proposed two reaction pathwayshe results from the kinetic modelling are discussed.

+xNH3+ yH20 (R1b
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2 Methods pyridine (99.5%, BDH Chemicals Ltd.), NH(99.96 %,
AGA), 25% NH; (aq) (Pro analysi, Merck).

21 Experimental 2.2 Positive ion model description

The experiments were performed using a modifiedThe positive cluster ion reaction schemes in this paper
quadrupole time-of-flight mass spectrometer (QTOF 2,are based on the aforementioned model by Beig and
Micromass/Waters, Manchester UK). The instrument andBrasseur (2000). In their model, protonated water clusters,
experimental procedure has been described in detail pred™(H20),, are continuously produced in a series of reac-
viously (Andersson et al., 2008; Ryding et al., 2011), andtions starting from ¢ and N} . Initially, ions O and Nj
therefore only a brief overview is presented here. The clustegre formed by galactic cosmic rays and by radioactive decay
ions were produced from agueous solutions at atmospheri¢close to ground). Charge transfer reactions with molecular
pressure by electrospray ionization (ESI) and thereafteloxygen convert Ij to OF. The latter ion then forms
entered into the high vacuum part of the instrument. Twowhich in turn reacts with KO to form G (H20). Additional
different solutions were used: 2.5 mM pyridine(aq) for H,O molecules add to the cluster, which formg (H,0),
production of H (pyridine),(H20), (m =1 to 2, n < 15) via loss of @ and OH (Beig et al., 1993). Subsequent
ions and a mixture with 2.5mM pyridine(ag) and 30 mM to this, the protonated water clusters may then react with
NH3(aq) for production of Fr(NH3)1(pyridine)(H20), ammonia, pyridine, picoline, lutidine, acetone and acetoni-
ions. A guadrupole mass filter (with better than unit resolu-trile. The production of cluster ions is balanced by the
tion) allowed for selection of single sized clusters based onloss of cluster ions through ion-ion recombination and at-
their mass-to-charge ratiomp/z The selected clusters then tachment to aerosol particles. The concentration of nega-
entered the collision cell, where they were brought to collidetive ions in the model was set equal to the concentration
with gaseous ammonia at a centre-of-mass (COM) collisionof positive ions. In our first model (Model A), we have
energy Ecom = 8kJmoll (0.085eV). The resulting made two modifications to the model by Beig and Brasseur.
products were analyzed by a reflectron time-of-flight (TOF) Firstly, we have included the experimental results from this
mass analyzer set at a mass resolutiefztym, of about 5000  study. Thatis, in the reaction betweerh {pyridine),, (H20),
(full-width-half-height). The ammonia was introduced into (m =1 to 2, n < 15) and NH virtually no exchange of
the collision cell through an Ultra-High-Vacuum (UHV) leak pyridine for ammonia will take place. Instead, ammonia
valve giving a pressure of about 1®mbar. This pressure is incorporated into the cluster ion with subsequent loss
of NH3 was chosen to keep the number of collisions belowof one or two water molecules, i.e.'ifpyridine), (H20),
10% to ensure single-collision conditions for the entire + NHz —H™(NH3)1(pyridine), (H20),_x + xH20. Hence,
range of cluster sizes. Reference measurements were calke former reaction was excluded from the model and the
lected by measuring the cluster iort §yridine) (H,0);1 at latter was added (the corresponding modifications were
regular intervals during the experiment to make sure that thenade for the reactions with clusters containing picoline
collision gas pressure was constant. For each measuremeratnd lutidine).  For simplicity, the rate coefficient for
a corresponding background measurement was collected™ (pyridine)(H20)4+ NHz (obtained in this study) was
with an empty collision cell. Due to limitations with used for all pyridine/water clusters. Secondly, we have in-
the current setup the instrument is unable to accuratelycluded reactions leading to clusters containing two amines
measure ions belown/z=50; for this reason, the lightest (pyridine, picoline and lutidine). The reactions included in
cluster investigated was HH,0)s. For the cluster ions Model A are shown in Fig. 1 and the corresponding rate co-
H* (pyridiney (H20)10 and H"(NH3)1(pyridiney(H20)10  efficients are given in Table 1. In our second model, Model
measurements were also performed at various collisiorB, we have omitted the amines picoline and lutidine since
energies between 1.45kJméland 120 kJmail (COM). pyridine-containing cluster ions are found to be the dominat-
A separate set of measurements were performed in orddng cluster ions in Model A. We also allowed for up to five
to estimate the evaporation of pyridine from clusters: pyridine molecules in each cluster. In this model we regard
H* (pyridine),,(H20)s and H"(NHz)1(pyridine), (H20)s pyridine as a representative for all amines as most amines
with m = 1 to 4 was allowed to pass through the empty have high proton affinities and many other amine ions have
collision cell at varying collision energies. In the first series, been found in the atmosphere. The reactions included in this
the energies varied from 0.4 to 2.0eV (in the lab frame) model are shown in Fig. 2 and the corresponding rate coeffi-
corresponding to 39 to 193kJmdl in the second series cients are given in Table 1. In the absence of detailed data for
the energies varied from 0.1 to 0.7 eV corresponding to 10evaporation of pyridine from protonated water clusters and
to 68 kI mot. For producing the clusters containing three since we do not observe evaporation of pyridine under our
or four pyridine molecules, the pyridine concentration in the experimental conditions (see Sect. 3.1), we excluded evap-
agueous solutions was increased to 1.5M. Reagents usemtation of pyridine in most of the model studies presented
in the experiments: D (no. 95270 for HPLC, Fluka), in this study. The differential rate equations were solved
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Fig. 1. Tropospheric cluster ion reaction scheme used in Model A. CH3CN
Dotted lines represent reactions removed from the model employed z =
by Beig and Brasseur (2000). Dashed-dotted lines represent reac- Y NHg =
tions not included in the model by Beig and Brasseur (2000). H*@)((Ho0), E - H¥(CHaCN)g(H0)p
. . A A A
in the program FACSIMILE (2007). All model calculations
in this paper were performed under ground level conditions

at a temperature of 298 K. Steady-state concentrations were ——» AEROSOLIONS 1€——
reached after approximately 500 s.

Py=PYRIDINE A =AEROSOL PARTICLE Z=ACETONE
3 Results Fig. 2. Tropospheric cluster ion reaction scheme used in Model B.
3.1 Experimental results

Figure 3a shows the TOF mass spectrum obtained for masis basically unaffected by the presence of Nid the col-
selected (by the quadrupole)tpyridine)(H20)11 ions lision cell. For the reaction with N§J the main prod-
passing an empty collision cell. The intensity of the par- uct formed is H (NH3)1(pyridine) (H20)g at —19 u relative

ent ion dominates but minor peaks corresponding to loss ofhe parent ion mass. This means that\NBl incorporated

1 to 5 water molecules are also seen. The loss of wateimto the cluster and typically two #0 molecules evaporate

is caused by evaporation from the parent cluster during thérom the short-lived collision complex formed. Product clus-
flight time of about 160 ps from the quadrupole to the TOF ters corresponding to loss of one, three, four and fiyg®H
unit. Evaporation is inevitable for the reactions studied heremolecules are also seen; however, these products are signifi-
applying this experimental setup including the setting of thecantly less abundant. Clusters BNHz)(pyridine) (H»0),
collision energy. In agreement with a previous study by Ry-are produced in small amounts due to multiple collisions with
ding et al. (2011), loss of pyridine does not occur for this NH3. Essentially no pyridine is lost from the cluster ions
cluster. Figure 3b shows the TOF mass spectrum obtainedpon reaction, as seen by the absence of significant peaks
after reaction between the cluster ioff ¢dyridine) (H20)11 at the indicated locations in Fig. 3b: for the peaks found
and NH; at a collision energy of 8 kJmol (COM). Evap- atm/z98 and 116 u smaller than the parent ion the inten-
oration of water molecules during the passage through thesity is only < 4 x 10~% compared to the total intensity in
QTOF 2 is found in approximately the same amounts asthe measurement. Figure 3c and d show the correspond-
in the background measurement. That is, the area of théing mass spectra for theHpyridiney(H20)11 cluster. The
peaks atm/z 18, 36 and 54 u smaller than the parent ion spectra of B (pyridine)(H20)11 is in principle the same as
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Table 1. Rate coefficients for the reactions used in Model A and Model B.

2813

Reaction

Rate coefficient, dhs—1

Reference

Formation of H"(Ho0),

H+(H20)n +¢CH3CN — H+(CH3CN)q (H20),

HT(H20), 4+ pNHz — H*(NH3) ,(H20),

H+(H20)n +CH3COCH; — H+(CH3COC|-b)1(H20)n
HT(CH3COCHg)1(H20), + pNH3 — HT (NH3) ,(H20),
H+(CH30N),1 (H20),, + CH3COCHg —>H+(CH3COCH;)1(H20),,
H*(CH3CN), (H20), + pNH3 — HT(NH3) ,(H20),
HT(NH3) ,(H20), + picoline— H*(NH3) ,(picoline) (H20),
H+(NH3)p(H20),, +lutidine — H+(NH3)p(Iutidine)l(HZO)n
HT(NH3) p(H20), + pyridine— H*(NH3) , (pyridine) (H20)x
H*(H50), + picoline— HT (picoline) (H,0),

H*(H,0), + lutidine — HT (lutidine); (H,0),

H*(H,0), + pyridine— H* (pyridine) (H,0),
HT(X)1(H20), + pNHz — H*(NH3) ,(H20), + X

cluster + aerosol> aerosol ion

cluster + cluster recombination

Ratg =2 (unit: cnT3s™1)
k1 = 3.06x 10~9(300/T)

ko =1.91x 10~9(300/T)0-39
k3 = 2.04x 10~9(300/T)°-59
kg=2x10"°

k5=1.8x 1079

kg=1.8x 1079

k7 = 2.6x 10-9(300/r)%-7
kg=2x107°

kg = 2.1x 10-%(300/)%7
k10=2x 1079
k11=2x10"9

k12 = 2.08x 10~9(300/)0-89
k1g=k14=k15=0°
k1g=5x 106

k17=6 x 10-8(300/T")%-5

Beig and Brasseur (2008)
Viggiano et al. (1988a)
Viggiano et al. (1988a)
Viggiano et al. (1988a)
Hauck and Arnold (1984)
Hauck and Arnold (1984)
Schlager et al. (1983)
Viggiano et al. (1988b)
assumed

Viggiano et al. (1988b)
assumed

assumed

Viggiano et al. (1988a)
assumed

Beig and Brasseur (2000)
Arijs and Brasseur (1986),

+1.25x 10729[M](300/T)* 9  Beig et al. (1993)

H+(X) 1(H20), + pNH3 — H+(NH3)p(X)1(H20)n k1g=0.907 xko this work
Ht(X)1(H20), + X = HT(X)2(H20), k19=k12 assumed
H+(NH3)17(X)1(H20),, + pyridine— H+(NH3)p(X)2(H20)n kog=kg assumed
HT(NH3) p(X)1(H20),+ picoline— HT(NH3) ,(X)2(H20), kor=k7 assumed
HT(NH3) p(X)1(H20), +lutidine — HT(NH3) ,(X)2(H20), koo =kg assumed
H+(X)2(H20)n+pNH3—> H+(NH3)p(X)2(H20)n koz=k18 assumed
HT(NH3) p(X)2(H20), + pyridine— H*(NHz3) ,(X)3(H20), kos=kg assumed
HT(NH3) p(X)3(H20), + pyridine— H*(NH3) 5 (X) 4(H20)n kos=kg assumed
H+(NH3)p(X)4(H20),, + pyridine— H+(NH3)p(X)5(H20)n kog=kg assumed

Note that X = pyridine, picoline or lutidine.
2 The formation of H (H,0), was set to give the same rate as used by Beig and Brasseur (2000).

b The value is the same as used by Beig and Brasseur (2000).
¢ Avalue of 1x 10-11cm—3 s~1 was used by Beig and Brasseur (2000).

d [M] is the neutral number density in cn3.

for H™ (pyridine)(H20)11, with the notable exception that that all of the evaporation products™H,0),_,, x =1,

loss of a single pyridine moleculen{z 79u smaller than 2, 3 in a mass spectrum would form the products
the parent ion) and loss of a pyridine molecule accompa-A*(NHz)1(H20),_x_1, x=1, 2, 3 to a degree that corre-
nied by loss of a water moleculen(z 97 u smaller than sponds to the relative intensity of the peak 1 u smaller than
the parent ion) can be observed. The peaks are found witthe parent ion in a mass spectrum wherg(l8,0),_,, x =1,
approximately the same intensity in the background meaz2, 3 is the parent ion. This gives a small contribution from
surement and in the measurement with ]Nbtesent in the  the At(H20),_1 cluster to the A (NH3)1(H20),_2 peak, lo-
collision cell, with somewhat higher abundance in the for- cated aim/z19 u smaller than the parent ion. The remaining
mer case. However, as will be discussed later, this loss ofntensity in this peak originate from the parent ion reaction
pyridine is likely resulting from collision induced dissoci- A*(H20), + NHz — A*(NHz)1(H20),_> + 2H,0. We cal-
ation (CID) and not evaporation. Due to the above men-culated the magnitude of this reaction for all parent ion clus-
tioned evaporation of pO molecules from the parent ion, ter sizes, and applied it to the correspondingly sized evapora-
some of the detected products will have originated from re-tion products as well. We were then able to estimate the mag-
actions of pre-formed evaporation products. In order to eshitude of the third parent ion reaction"AH,0), + NHz —
timate the contribution of these reactions, we devised theA™(NHz)1(H20),_3+ 3H,0 in the same way. A more thor-
following simple model. The peak am/z1u smaller than ough description of the procedure can be found in the Sup-
the parent ion represents the reactioh(d,0), + NHz — plement.

AT(NH3)1(H20),_1+H20 (with AT =H*, H*(pyridine),

H* (pyridine, or HT(NH3)1(pyridine)). We assume

www.atmos-chem-phys.net/12/2809/2012/ Atmos. Chem. Phys., 12, 28822 2012
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Fig. 3. Mass spectra of H(pyridine),,(H,0)11 with peak intensities expressed relative to the parent ion (PI) mass and height= 1,
background measurementb) m = 1, the cluster ion reacting with NHat 8kJ motl. (c) m = 2, background measuremer(d) m =

2, the cluster ion reacting with NHat 8 kJ motL. The product Ff(NHg)1(pyridine)1(H20)11,y peaks are designated by open blue
triangles. Red circles designate peaks arising from evaporatioa©fftdm the parent ion. Green vertical lines designatenttfiewhere a

possible NH/pyridine exchange product,'{NHz)1(H20)10_,, would appear. Loss of pyridine without exchange for Nl designated
by orange stars.

Figure 4 shows the branching ratios of different products The branching ratios of the Hpyridine)(H,0), and
from the H"(pyridine), (H20),, + NHz reaction z =0t02)  H™(pyridinep(H20), clusters are rather similar, and are
at Ecom=8kJmolL. For Hf (H,0), + NHs the main prod-  dominated by loss of two water molecules after addition of
uct peaks represent incorporation of the Nidolecule and  the ammonia molecule. For smaller clusters, loss of a single
loss of two or three water molecules. The simple model de-water molecule occurs with a frequency similar to the loss of
scribed above attributes the intensity of these peaks to readwo water molecules. However, theH,O curve drops off
tions of the parent ion (by 100 % aneP0 %, respectively).  with size, giving about an order of magnitude lower abun-
Peaks corresponding to addition of the ammonia moleculedance compared to the2H,O products aa approaches 15.
and loss of four and five O from the parent cluster can be Both of these peaks are due to parent ion reactions, while the
seen; they tend to be higher for the larger clusters. A signif-peaks corresponding to loss of three or four water molecules
icant part of the abundance of these products is likely result-after addition of ammonia is likely to contain large contri-
ing from reactions of evaporation products; they have beerbutions from reactions of evaporation clusters. Again, we
included for comparison. Loss of a single water moleculenotice that virtually no pyridine leaves the cluster ions af-
after reaction with NH is effectively not observed for this ter reaction with ammonia, neither forttgpyridine) (H,0),
cluster type. nor for H™ (pyridinep(H20),. This is in contrast to the as-

sumption made by Beig and Brasseur (2000).
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Fig. 4. Branching ratios for the reactions of'fpyridine),, (HoO),

(m =0 to 2) with NHg at Ecom = 8 kJ molL. The number of wa-
ter moleculesy, is indicated for some of the data points to im-
prove readability. Dashed lines indicate products likely resulting
from clusters that have lost water molecules prior to reaction.
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with NH3 at Ecop =8kJ mot1. The curves represent peaks cor-
responding to the parent ion incorporating f&ind losing one to
four HoO. Dashed lines indicate products likely resulting from clus-
ters that have lost water molecules prior to reaction. The numbers
next to the curves indicate the number of water molecules,

Branching ratios for the H(NH3)1(pyridine)(H20), +
NH3 reaction are shown in Fig. 5 far=1 to 15. As seen,
the products are dominated by incorporation of the reactant
NH3 and loss of one or two water molecules in more or less
equal amounts, except far=2. Again, these reactions can
be attributed to the parent ion by 100 % an®0 %, respec-
tively. Products with three or four water molecules fewer
than the parent ion are also observed and are likely formed
from evaporation product reactions. Common for all the
curves in Fig. 5 is that they show less size dependence than
the clusters in Fig. 4.

The reaction rate coefficients for the clusters
HF(H20),, H*(pyridinex(H20),, H*(pyridinel (H20),
and HY(NH3)1(pyridiney(H20), reacting with NH at
8kJmol! (COM) are found in Fig. 6 as a function of the
number of water molecules in the clustes=1to 15 ¢ =4
to 15 in the case of pure water clusters). In the absence
of an exactly calibrated N#l pressure in the collision
cell the reaction rate coefficients are expressed relative to
the rate coefficient of the HH,0), cluster. It should,
however, be mentioned that reference measurements show
the pressure to be constant during the course of the experi-
ments. The thermal rate coefficients for the reference cluster
Ht(H20)4 is 1.91x 10° (300/7)°3°cmis~1, (Viggiano
et al., 1988a). For the same cluster reacting withsND
Ecom=8kJImol? (0.085eV) Honma et al. (1992) reported
a reaction cross section of approximately £.50~14cn?.

Atmos. Chem. Phys., 12, 28822 2012
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Fig. 6. Relative reaction rate coefficients for clus-

ter ions H(pyridine), (H,0),
H+(NH3)1 (pyridine) (HoO)y, reacting with NH at
Ecom = 8kJmoll.  The rate coefficients are normalized to
the rate coefficient for F(H,0)4 reacting with NH (1.91 x
109cm3s1 at 298K (Viggiano et al., 1988a)). The numbers

(with m =0 to 2) and
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Table 2. Initial concentrations in cm3 for the simulations
presented in Figs. 7 and 8.

Figure 7 8a-b 8c—d
Model A B B
NH3 2.46x 1010 2.46x 1010 4.92x 108
Hz O 4.61x 107 4.61x 10V 4.61x 107
Pyridine variable variable variable
Picoline [pyridine]/10 - -
Lutidine [pyridinel/10 - -
Acetone 3.6% 100 3.69x 1010 3.69x 1010
CH3 CN 4.92x 108 4.92x 108 4.92x 108
Aerosol 1.0x 103 1.0x 103 1.0x 103
Negative ions  =[positive ions] =[positive ions] =[positive ions]

Separate measurements were performed in order to esti-
mate the evaporation of pyridine from clusters containing
between one and four pyridine molecules and up to one am-
monia molecule. In the Supplement these measurements are
described. To summarise, we were unable to determine the
evaporation rate coefficients for loss of pyridine from neither
of the clusters since a potential weak signal from evaporation
could not be separated from collision induced dissociation
losses. However, we conclude that the evaporation rate coef-

1, 5, 10, 15 indicate the number of water molecules to improveficient is of the order 0.1 or lower under the experimental

readability.

For the present case, given a velocity of 1090 fhrough

conditions.

3.2 Modelling results

the collision cell, this corresponds to a reaction rate coef\ye have modelled the reaction kinetics using three different
ficient of 1.6x 10-%cm®s~! for the reference cluster. As models. First we performed a calculation using the model
can be seenin F|g 6, pure water clusters exhibit a SomEWhegf Be|g and Brasseur app|y|ng their set of parametersy
higher reaction rate in the size range=5 to 15 compared  and successfully reproduced their results. We thereafter
to the pyridine containing clusters. used Model A at different pyridine concentrations. The
In order to estimate the rate coefficient for exchanging aconcentrations used for all molecules in the model are shown
pyridine molecule in a cluster with an ammonia molecule j, Taple 2. The results are shown in Fig. 7 on a linear scale
i.e. Reaction (R2b) above, we calculated the total abunyin the Supplement the results are shown on a logarithmic
dance of the peaks corresponding to incorporation of ammoscale to include also ions with low concentrations). At
nia and loss of pyridine and 0 to 2 water molecules. Wepyridine concentrations below 46m=3, clusters of the
found that for H (pyridine), (H20), clusters withm =1 type H"(NH3),(H20), dominate completely but already
to 2 andn =1 to 15, the maximum relative rate coeffi- at pyridine concentrations of 2:810° cm=3, 50 % of the
cient for loss of pyridine was 8.0 10~ (the standard de- cjusters contain both pyridine and ammonia. At concentra-

viation due to signal statistics is 2:410~%) relative the to-
tal rate coefficient for Fi(H,O)4+NH3z. Using the value

tions above 5 10° cm—3, clusters with ammonia, water and
two pyridine molecules dominate. Since the lutidine and

by Viggiano et al. (1988a) for the latter, this gives a rate pjcoline concentration is 10 times lower than the pyridine

coefficient of 1.5x 107 12cmPs~1 (at 298K) for the reac-
tion HT (pyridine) (H20), + NHz —HT(NH3)1(H20),_x +
xH2O + pyridine. This is a factor of 7 lower than

1x 1071tcm?s~! as assumed by Beig and Brasseur. How- |,
ever, for the majority of the clusters in our study the reactioning
rate coefficient is even lower. Typical values of the rate CO-Ht(NH3),(pyridine),  (H20),_, +xH20 in Model A

efficient for the above reaction is in the range of 10~ to
4 x 10~* relative Ht (H20);.

Atmos. Chem. Phys., 12, 2802822 2012

concentration, clusters containing both pyridine and lutidine
or picoline are found in concentrations about 10 times lower
than the concentration of HNH3),(pyridinep(H20),.
order to evaluate the importance of includ-
the reaction Fi(pyridine} (H20), + pNH3 —
we also performed calculations in which we substi-
tuted this reaction with H(pyridine)(H20), + pNH3
—HT(NH3) ,(H20),—» +xH20 + pyridine, ie.

www.atmos-chem-phys.net/12/2809/2012/
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3501 All cluster ions
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Fig. 7. Concentration of cluster ions as a function of pyridine con-

centration. The values were calculated using Model A and the ini-
tial concentrations are given in Table 2. The total concentration of
pyridinated cluster ions in the model by Beig and Brasseur (2000)
is also indicated. Py, Pic and Lu indicate pyridine, picoline and

lutidine, respectively.

Reaction (R2b). Essentially no difference in ion con-
centrations obtained from the two models were observed,
neither at an ammonia concentration of 2:460°cm—3

nor at an ammonia concentration 50 times lower.

A typical pyridine concentration in the troposphere is
around 4 ppt (9.% 10’ cm~2 at 298 K) (Eisele, 1988; Tan-
ner and Eisele, 1991). From Fig. 7 it is clear that more than
one pyridine molecule may be present in the cluster ions in
the atmosphere provided that evaporation of pyridine from
the cluster is small compared to the formation mechanisms
(as assumed in the model). In order to study this in more
detail we constructed Model B, where up to five pyridine
molecules are allowed to be incorporated in each cluster.
In Fig. 8, we show the ion concentration as a function of
pyridine concentration at a typical ammonia concentration
(1.0 ppb, or 2.46< 1019cm~3). Assuming no evaporation, a
pyridine concentration of 4 ppt (9:010” cm~3) would give
more than four pyridine molecules in most clusters (the max-
imum number of pyridine molecules in a cluster is five in the
model, but the number of pyridine molecules in such a clus-
ter should be regarded as five or more). Neglecting evapo-
ration of pyridine may not be realistic, but this model shows
that clusters with a multiple number of pyridine molecules
may be present in the atmosphere if evaporation is low (the
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influence of the evaporation rate on the number of pyridinerig. 8. Concentration of cluster ions as a function of pyridine con-
molecules in the cluster is presented below). In Fig. 8b, thecentration. The values were calculated using Model B and the ini-
concentrations from Fig. 8a are shown on a logarithmic scaletial concentrations are given in Table 2. Paf@gland(b) shows the

The concentration of H(CHzCOCHg)1(H20),, HH (H,0),,  results using an ammonia concentration of 24B0'%cm=3 on a
and Hf(CH3CN),(H20), are all below 0.1cm® at all linear and logarithmic scale, respectively. Panel c) and d) shows the
pyridine concentrations used. The concentration off€sults for an ammonia concentration of 49208 cm—3. Py, Pic

H* (pyridine),,(H20), 1 <m <5 are also well below
0.1 cnr3 at pyridine concentrations belowL0'° cm—23 and
an ammonia concentration of 2.4610'%cm—3.

www.atmos-chem-phys.net/12/2809/2012/

and Lu indicate pyridine, picoline and lutidine, respectively.
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400 2) than at intermediate concentrations (aerosol concentration
Fa _ of 10°cm~3) but the relation between the cluster ion con-
£ All cluster ions centrations are the same. In polluted air (aerosol concentra-
e N H'(NHs),(H20), tion of 10* cm~3) the ion concentration is significantly lower
) SN (around a factor 30) than at intermediate concentrations
E H (NHs)o(PY)s(H:0) N H*(NHy),(Py)1(Hz0), (10° cm~3) and the relation between the cluster ion concen-
E 2001 \ trations are also different: the more pyridine molecules in the
§ H (NH)sPy)s () cluster, the larger the decrease in concentration.
© 100+
S H'(NHg)o(PY)s(HQ) - _ _ o
= P 4 Discussion and atmospheric implications

00001 0.001 001 01 1 10 Honma et al. (1992) studied the reaction of (H,0)4 with
Pyridine desorption rate coefficient, k (s™) ND3 and for all products where the ammonia-d3 molecule

entered the cluster all three deuterium atoms remained there
Fig. 9. Concentrations of the most abundant cluster ions as a funcafter evaporation of tD. Effective H/D exchange between
tion of pyridine desorption rate coefficient. The values were calcu-molecules in the reaction complex requires a mobile pro-
lated using Model B with inclusion of evaporation of pyridine. The ton (Yamaguchi et al., 2003; Honma and Armentrout 2004;
initial concentrations are given in Table 2 except the concentrationAndersson et al., 2008; Ryding et al., 2011). This observa-
of pyridine that was kept at 9.84107 cm™3, tion must be the consequence of strong proton binding most
likely due to an adamant Nj’-|core ion, corresponding to
its comparably higlpK, value. It has been shown that this
We also studied the influence of the ammonia concenyhsence of H/D exchange extends to |arger sizes (Anders_
tration on the number of pyridine molecules in the clus- son et al., 2008). Thus we expect protonation exclusively
ters using Model B. Decreasing the ammonia concentrapn the ammonia molecule for all clusters formed in the re-
tion 50 times (shown in Fig. 8c—d) gave no significant gction HF(H20), + NH3 —H+(NH3)1(H20),_x + xH20.
change in the concentration oftpyridine),(H20), and  Since the pyridine molecule of a*Hpyridine)(H20), or
HT(NH3) , (pyridine), (H20),. However, the concentration H+(NHg),(pyridine) (H-20), cluster does not leave after ad-
of HT(CH3COCHg)1(H20), is increased to about 2crup  dition of NHg, the product will contain two or three basic
to a pyridine concentration of about%€m~3. The concen-  molecules. This raises a number of interesting questions re-
trations of H"(pyridine), (H20), 1 <m <5 are below 0.1  garding the cluster structure, dynamics and protonation site.
cm~3 except for H (pyridine)(H20), at pyridine concen-  |n the case of pure pyridine water clusters, one pyridine
trations above & 10°%cm™3, molecule in a protonated water cluster leads to locking of
Neglecting evaporation of pyridine from clusters the proton (i.e. the proton is bound to the pyridine molecule),
H*(NH3) ,(pyridine),, (H20), is likely not realistic and we  while with two or three pyridine molecules in the cluster the
therefore studied the importance of this evaporation usingporoton becomes mobile (Ryding et al., 2011). The situation
Model B with a pyridine concentration of 4 ppt (2910 is more complicated for the present mixed clusters, since we
cm3). The evaporation of pyridine was assumed to beare now dealing with two different types of nitrogen bases.
proportional to the number of unprotonated pyridine in the The gas phase proton affinity of pyridine is greater than that
cluster. We also assumed that gyridine),(H20), have  of ammonia; they are 930 kJ mdi and 853.6 kJ moi!, re-
one protonated pyridine and*iNHg) ,(pyridine),(H20),  spectively (Lide, 2006c). However, in bulk water, ammonia
have none protonated pyridine. The results are shown ins the stronger base as indicated by the higher acid dissoci-
Fig. 9. As seen in the figure, a desorption rate coefficientation constant of its conjugate acigk(, =9.25 for ammo-
as low as 103s7! (3.6 1) will influence the cluster dis-  nium, pK, = 5.23 for pyridinium, Lide, 2006a,b). The re-
tribution. At desorption rate coefficients larger than aroundversal relation of proton affinities in gas phase and in bulk
10s7%, clusters containing pyridine are almost absent. is presumably a consequence of the ability of ammonium to
The above presented results from model calculations arénteract with water through four hydrogen bonds, while pyri-
all calculated with an aerosol concentration of 1000 &min dinium is limited to one hydrogen bond. Since molecular
order to study the sensitivity of the cluster ion concentrationclusters represent a bridge between the domains of gas phase
with respect to the aerosol concentration we performed calehemistry and bulk, it is difficult to determine the effective
culations using Model A with aerosol concentrations varying proton affinities, and therefore to which degree the proton
from 107 to 10* cm~2 and used a fixed pyridine concentra- will be mobile within the reaction complex. Further stud-
tion of 4 ppt (9.9x 10’ cm~3). The results are presented in ies of clusters containing both ammonia and pyridine using
Figure 10. In clean air (aerosol concentration of &@—3) deuterated reactants — for instancg®D- should provide ad-
the ion concentrations are slightly higher (around a factorditional clues.
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1000 The above mentioned experiment by Honma et al. (1992)
P Al clustar fong show that the total cross section of thé (,0)4 cluster re-
= H (NHy ) Py oo O acting with ND; remains virtually unchanged up to collision
% ool OHPYH POk Oy energies of 20 kJmolt (COM). For all measured collision
2 T I N energies in this range, the cross section is made up almost en-
g H*(NHa)(Py)s (LUt (H,0)y ==~ tirely by the reaction forming the productiNHz)1(H20)s,
< H'(NHy),(H,0), ~, T indicating that the energy released into the cluster upon ad-
2 1o — : dition of an ammonia molecule corresponds to evaporation
o H*(NHs )o(Py)1 (H0), o
o of two HO. Based on values calculated using literature ther-
5 mochemical data (Meotner 1984; Lide 2006c), the energy
] released by introducing NHinto the HF(H,0),4 cluster is
102 103 104 120kJmot. The dissociation energies for losing first one
[Aerosol] (cm™) H,O and then a second.® from the intermediate clus-

ter Ht(NH3)1(H20)4 are 44 kJmot! and 52 kJ mat?, re-

Fig. 10. Concentrations of the most abundant cluster ions as afunc-specnve'y' For Iargelr protonated water Cluster that reacts
tion of aerosol concentration. The values were calculated usingVith NH3 at 8kJmor ™ (COM) we see approximately equal
Model A. The initial concentrations are given in Table 2 except the @mounts of evaporation of two and thregGifrom the reac-
concentration of pyridine that was kept at 9:830' cm—3and the  tion complex (Fig. 4a), implying a somewhat different bal-
aerosol concentration that was varied. ance between the dissociation energies ofsNtid HO.
As cluster size increases, the energy released into the clus-
] ter when NH enters the reaction complex becomes smaller
The current setup of the TOF unit does not allow for ac- compared to the energy cost of evaporating first one and then

curate quantification of product ions belaw/z=50. For a second water molecule. For instance, far(H20), the
the H"(H20)4 cluster we were only able to measure the re- f5rmer is 65 kJ mot® while the latter two are 35 kJ mol

action products Fl‘|(|\|H3)1(H2_O)3 and H"(NHg)1(H20)2 at 54 38kJ mot?, respectively. This is contrary to the ex-
m/z=72 andn/z= 54, respectively. Consequently, the 81 perimental findings in Fig. 4a. The discrepancy could be
peak is missing for this cluster in Fig. 4a. The experiments byye to the fact that the experimental branching ratios do
Hon_ma et al. (1992) indicate that the reaction leading to for-j,; necessarily represent a sequential loss @ Fholecules
mation of H"(NH3)1(H20)1 should represent no more than gince there is also a possibility of loss of water as a dimer
a few percent of the total abundance; the main product isy; 4 trimer (dissociation energies of the dimer and trimer
in fact H"(NH3)1(H20)2 (~2H20 in Fig. 4a) which con- 516 50 7 kI moi! and 21.7 kJ moll, respectively, Santra et
stitutes almost the entire reaction cross section, which is ith’ 2007). Furthermore, the temperature is higher for larger
good agreement with the results in Fig. 4a. _ clusters in the beam, which might be part of the explana-
For the experimental setup described in Sect. 2.1, applyingion . For the pyridine containing clusters in Fig. 4b—c, the
collision energy in the lab frame below approximately 0.3 eV tendency is loss of — on average — fewer water molecules
was observed to result in inefficient ion transmission and Mapost reaction. Even fewer water molecules are lost from the
jor Ios_s of _signal. Measurementg are possible, al'ghough th?—ﬁ(NH3)1(pyridine)l(H20),, cluster, with the +NH —H,0
sampllng time would have to be increased many times overgng +NH; —2H,0 peaks being of equal size. The latter case
The collision energy used in the measurements, 8kJhol g jikely to be a consequence of the cluster already containing
(COM), was chosen since it allowed for a satisfactory beam, NHs molecule; a similar effect was observed by Viggiano

intensity to be obtained for all cluster ions studied. This en-¢; 51 (viggiano et al., 1988b) for the case$(H0), + NHs
ergy is a factor two higher than typical tropospheric collision 5, HF (NH3) ,(H20), + NHs.

energies <4 kJmol! at room temperature). However, the Separate measurements of"(dyridinex(H20)0 and
heatin_g of the _formgd_reaction complex due_ to gddition OfH+(NH3)1(pyridine)1(H20)1o reacting with N at differ-
NHs (i.e. the dissociation energy) is larger still, with values g collision energies give further insights into the impact of
in the range of 65 to 120 kJmot depending on cluster size g\ on the respective branching ratios. In the case of the
(based on calculations for clusters with=4 10 7 using data  former, the branching ratios are essentially unchanged be-
from Meotner (1984) and Lide (2006c)). The use of higher |, g kJ mol-2, with the branching ratio of-2 H,O chang-
collision energies would therefore be expected to have onI34ng from 0.64 at 8 kImoil to 0.60 at 3kImoil. The cor-
minor effects on the results, as long as the collision energyesponding change forH,0 is from 0.23 to 0.31. For
is sufficiently small_compared to the dissociation energy of e |atter cluster, the changes are somewhat more signifi-
NHj for the cluster in question. cant, with both curves having a branching ratio of 0.43 at
Ecom=8kJImolt. A change inEcom to 3kJmot? re-
sults in the—2H,0 curve dropping to 0.35 and theH,O
curve increasing to 0.56. It would seem that for this cluster,
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the collision energy of choice (8 kJmd) also happens to tropospheric ion spectrum. The proton affinities in question
be the point where the two curves representing the colli-are 930 kJ moi?® for pyridine, 943.4 to 949.1 kJ mot (de-
sion energy dependence of the +NHH»O product and  pending on isomer) for picoline and 955.4 to 963.0 kJThol
the +NH—2H,0 product cross each other. Consequently, (depending on the isomer) for lutidine (Lide, 2006c). For
for typical tropospheric conditions the +NHH>O product  cluster ions, the type of pyridine or pyridine derivative that
would have a higher abundance than the N2 H,O prod- enters the clusters (Reactions R1b and R2a) is likely more
uct for this cluster. dependent on concentration than proton affinity. In case
The pure water clusters in Fig. 6 have a somewhat higheof larger water cluster ions with more than one pyridine
reaction rate coefficient for collision with N\ftompared to  type molecule the actual protonation site becomes a matter
the pyridine containing cluster for a large part of the size of basicity. RelevanpK, values are as follows: 5.23 for
range. This is very similar to the behaviour exhibited by pyridinium, 5.70 to 6.00 for picolinium (depending on iso-
these three cluster types when reacting wigloDas reported  mer), 6.15 to 6.99 depending on isomer for lutidinium (Lide
in a previous study (Ryding et al., 2011). 2006b). Since the transition from atmospheric pressure to
Model A gave results that were in excellent agreementhigh-vacuum probably leads to a large tendency for frag-
with those of Beig and Brasseur (2000) with regards tomentation and/or evaporation of a cluster ion, actual mea-
the concentration of pyridinated cluster ions. Our modelsurements of clusters containing both pyridine and an alkyl
is also in agreement with Beig and Brasseur in that thesubstituted variant are likely to be detected as the latter since
pyridinated cluster ions dominates the tropospheric ion specboth the proton affinity and the acid dissociation constants
trum. Our experiments show that the reaction betweenare higher. If also ammonia is present — as indicated by our
H* (pyridine) (H20), and NH; does not result in loss of calculations — the proton may also be situated on the am-
pyridine and that the reaction have a higher rate coefficieninonia molecule gK, =9.25 for ammonium). The location
than assumed by Beig and Brasseur (by about two orders aff the proton is probably also dependent on the cluster size.
magnitude). However, this did not have any significant ef- The fragmentation and evaporation upon sampling could be
fect on the modelled cluster distribution. Model A allows for a reason why clusters containing both ammonia and pyridine
two pyridine derivatives in each cluster ion, and the model(or pyridine derivative) are not observed in the studies by
calculations show that it should be possible for these clusJunninen et al. and Ehn et al. However, our model simula-
ters to form in the troposphere. In Model B we allowed for tions also show that neglecting evaporation of pyridine in the
up to five pyridines in each cluster ion. The model calcu-initial model by Beig and Brasseur may have overestimated
lations showed that already at a pyridine concentration ofthe importance of these clusters in the atmosphere. In order
10’ cm~3 the cluster ion distribution is dominated by clus- to better understand the fragmentation and evaporation pro-
ters containing ammonia, water and five (or more) pyridinescesses of these ions during atmospheric measurements, we
(or other amines) when evaporation of pyridine is neglectedsuggest experimental studies on collision induced dissocia-
When including evaporation of pyridine the outcome de- tion of water cluster ions containing two or more amines. We
pends strongly, as expected, on the evaporation rate coeffalso suggest detailed studies on evaporation of amines from
cient. We estimate that the desorption rate of pyridine wascharged water-containing clusters under tropospheric condi-
below about 0.1 st under the present experimental condi- tions.
tions. As seenin Fig. 9, at this desorption rate the major clus- As evident from the measurements by Ehn et al. many ions
ter ions found in Model B are H(NHz) ,(pyridine),(H20), are missing in order for our model to be universal. Including
and H"(NHs) ,(pyridinep(H20), in equal amounts. How- all ions today is not realistic since many reactions with these
ever, the temperature of our clusters in the experiments isons have unknown rate coefficients. We regard pyridine in
well below 298 K: hence the evaporation rate of pyridine our model to represent most amines in the atmosphere and
from water containing clusters at tropospheric temperature®ur model should therefore be a good simplification of the
remains unknown. complex cluster ion reactions taking place in the troposphere.
Measurements by Junninen et al. (2010) and Ehn eHowever, we emphasise that there is a great need for new lab-
al. (2010) suggest that the ions of alkyl substituted pyridineoratory measurements and innovative field measurements to
compounds may be more abundant than ordinary protonatedetermine reaction- and desorption rate coefficients in order
pyridine at ground level in urban and boreal environments.to improve the model and our understanding of cluster ion
This may seem contradictory when considering the atmo-<formation in the troposphere. For instance, during field mea-
spheric concentrations of the compounds in question, as wekurements of air ions we suggest that the concentrations of
as the lifetime calculations (for instance by Yeung and El-neutral amines are also measured.
rod, 2003), both of which indicate pyridine as the more com-
mon neutral species. However, as pointed out by Junninen et
al., the transition from neutral molecule to cation takes place
by addition of a proton, which will lead to compounds with
higher proton affinity being relatively more abundant in the
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