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Abstract. The state-of-the art method for measuring atmo-with ions and charged clusters playing only minor roles (Kul-
spheric gas-phase sulfuric acid is chemical ionization massnala et al., 2007). On the other hand, all accurate and cur-
spectrometry (CIMS) based on nitrate reagent ions. We haveently available techniques for measuring chemical compo-
assessed the possible effect of the sulfuric acid moleculesition require the detected species to be electrically charged.
clustering with base molecules on CIMS measurements usThus, to obtain information on neutral molecules or clusters,
ing computational chemistry. From the computational datathey must first be charged via some process. If the charging
three conclusions can be drawn. First, a significant fractionmechanism is too energetic (for example, corona charging),
of the gas-phase sulfuric acid molecules are very likely clus-all types of clusters or molecules certainly can be charged,
tered with amines if the amine concentration is around orbut many of them are likely broken up in the process, and
above a few ppt. Second, some fraction of these acid-aminentirely new and artificial ions and corresponding clusters
clusters may not be charged by the CIMS instrument, thoughypes may also be formed. Alternatively, if the process is
the most reliable computational methods employed predicmore “gentle” and selective, the charging probability will de-
this fraction to be small; on the order of ten percent or less.pend on the chemical composition of the molecule or cluster,
Third, the amine molecules will evaporate practically imme- and some species of interest may perhaps not be charged.
diately after charging, thus evading detection. These effect@\lso, even if the charging itself does not directly break up a
may need to be taken into account in the interpretation ofcluster, some molecules may still evaporate between charg-
atmospheric measurement data obtained using chemical ioring and eventual mass spectrometric detection. Thus, under-
ization methods. The purpose of this study is not to criticize standing of neutral molecules or clusters based on measure-
the CIMS method, but to help understand the implications ofments of charged species requires understanding of charging
the measured results. probabilities and possible changes in chemical composition
resulting from the charging process. Fortunately, at least part
of the required information (such as energy differences be-
1 Introduction tween neutral and charged molecular clusters with similar
composition) can be calculated by quantum chemical meth-
Measurements of nanometer-sized clusters and their mole®ds, provided that the clusters are small and the participating
ular precursors in the atmosphere are faced with a dilemmanolecules “well-behaved” in terms of their electronic struc-
On one hand, most clusters and single molecules relevant tture.
gas-to-particle nucleation are likely to be electrically neutral,

One particular case in which the dependence of charg-
ing probability on cluster composition can significantly af-
fect measurement results is chemical ionization mass spec-

Correspondence tol. Kurtén trometry, CIMS. Nitrate ion CIMS, in which 80y is
m (theo.kurten@helsinki.fi) selectively ionized to HSP by NO;/HNOs mixtures,
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is the state-of-the-art method to measure ambient sulfuric CIMS
acid concentrations (Eisele and Tanner, 1993; Berresheim e

al., 2000). As sulfuric acid is considered the single most charging dGitcnon
important chemical species for atmospheric ga:~:-to-particleH 50,+(H,0) = 100% e
nucleation (Weber et al., 1996; Kulmala et al., 2004, 2007; = ¢ "2 4
Sipila et al., 2010), accurate sulfuric acid concentration data H,S0,*NH, possibly less than 100% HSO,"

is crucial for understanding atmospheric new-particle forma- _

. .. . possibly less than 100%

tion. The selectivity of the CIMS process is based on the H,50,+(CH,),NH HSO,

fact that SO, is one of the few atmospheric species with
greater acidity than HN® Some exceptions exist, e.g. mal-  (H,50,),
onic acid, hydroiodic acid and methane sulfonic acid, but =100%
these are typically assumed not to interfere with th&e, (H,50,),°NH,8 ey | H50,"+ H30,°H,50,
measurement. Based on the moderately large difference ir
the vacuum proton affinities of H§Oand NGj, and on (H,50,),*(CH;),NH
the well-known bulk acidity pKa) values of HSO; and
HNOsg, it is expected that given constant instrumental con-
ditions (such as N© concentration, charging time, etc.), a
constant fraction of the sulfuric acid present in air samplesFig. 1. Schematic of the performance of the CIMS instrument for
will be ionized in nitrate ion CIMS instruments. various sulfuric acid — containing small clusters. The scheme illus-
This explanation for the working principle of CIMS as- trates two fundamental issues: only part of some basg-containing
sumes that the effects of possible §(BIN03 clustering on cIL_Jsters may pe charggd, and the' ba_se molecules will evapqrate
the proton affinity of the main charging ion are small. Also, prior to_detectlon even .|f the (_:h_argl_ng is successful. The qual_lta-_
it does not account for the tendency o§%0y to aggregate tlve_ estl_mates of ch.'a\_r.glng efficiencies correspond to the_HeIsnnk|
. . . University CIMS (Pehja et al., 2009, and references therein). See
with other molecules, producing clusters which may some-o. tor details.
times have proton affinities significantly higher than that of
free HhSOy. Experimental evidence (Viggiano et al., 1997)
indicates that neither NDHNOg3 clustering nor hydration  1997; Mauldin et al., 1998; Paa et al., 2009, and refer-
(binding to water) of sulfuric or nitric acid on their own ences therein), and estimated representative values (e.g. neu-
significantly affect the charging probability of sulfuric acid tral to charged ratios for base-containing clusters) for this in-
molecules, or the rates of the charging reactions. However, itrument. In the SI-CIMS discussed here (referred to as the
the presence of base molecules such as ammonia or amines{elsinki University CIMS” in the following discussion), the
a large fraction of the gas-phase sulfuric acid may be boundhitrate ions are created in a nitric acid sheath flow outside
to base-containing clusters. These are likely to have signifithe sample flow, and drawn into the sample flow electrostat-
cantly higher proton affinities than free or hydrateslS@,,  cally. See Fig. 2 for a simplified diagram of the instrument.
and will therefore be much more difficult to charge by proton Other CIMS instruments with different experimental setups
removal in CIMS —type instruments. In the presence of basenay perform differently, but the general phenomenon dis-
molecules, NQ-HNO;3 clustering may therefore decrease cussed here is still relevant — base-containing sulfuric acid

the charging probability of sulfuric acid — containing clus- clusters are more difficult to charge regardless of the experi-
ters. Furthermore, the base molecules are very likely to evapmental setup.

orate from those b5Os-base clusters which are successfully

charged, prior to their mass-spectrometric detection. The hy-

pothesis that biISO4 clustered with other molecules such as 2 Computational details

ammonia may not be quantitatively measured by CIMS has

been suggested already by Eisele and Tanner (1993), anQuantum chemistry refers to numerically solving the

some experimental indications of this have been presented bgchidinger equation, subject to a large number of approx-

Hanson and Eisele (2002). In this study, we attempt to studyimations, in order to calculate parameters of chemical or

this issue using quantum chemistry methods. The qualitativghysical interest. The precise details of these approxima-

results of this study are schematically summarized in Fig. 1.tions specify the so-called “model chemistry”, typically de-
As different CIMS instruments have different character- fined as a combination of a method to treat electron — elec-

istics, the degree to which theiro8BO, measurements are tron correlation, and a set of basis functions (“basis set”)

affected by base molecules may be variable. In this “proof-used to describe the atomic and molecular orbitals of the

of-concept” study, we focus on the Selected lon CIMS (SI- electronic wavefunction (or the electron density in density

CIMS) instruments used at the University of Helsinki, Fin- functional methods), see e.g. Jensen (2009) for detailed de-

land and at the National Centre for Atmospheric Research irscriptions. All calculations in this study were performed

Boulder, Colorado (Eisele and Tanner, 1993; Tanner et al.using the Gaussian 03 and 09 program suites (Frisch et
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pinhole plate ion source As the clusters studied here are relatively strongly bound, the
errors due to the harmonic approximation are, while not neg-
—= {—3sheath flow ligible, likely to be fairly small, for example in comparison
coc | drifttube o ple flow to the differences between energies computed using PW91
and G3 or G3MP2.
i — Computed equilibrium constants, charging efficiencies,
MS evaporation rates and other similar parameters of interest
total flow = generally depend on the exponentials of the free energies,

and should thus be considered order-of-magnitude estimates
rather than quantitatively accurate values. The average abso-
lute deviations from experiment of the G3 and G3MP2 meth-
ods are slightly below 1 and 1.5 kcal mé| respectively, for

a test set of single-molecule formation enthalpies (Curtiss et
al., 1998, 1999). The reliability of the reaction free ener-
gies, especially for cluster structures, is presumably some-
what worse, but the lack of consistent experimental bench-
mark datasets prevents a quantitative assessment of the error
margins.

al., 2009). Initially, we performed calculations using the |t should be noted that in this particular study, the largest
PW91 density functional method (Perdew and Wang, 1992)ncertainties in assessment of the charging process itself may
and the 6-311++G(3df, 3pd) basis set (Mclean and Chanpe related to the actual dynamics of the charging, e.g. the
dler, 1980; Raghavachari et al., 1980). This permitted comyate at which NG (HNO3) ions are able to displace amine
parison and synthesis with the large body of data on othefnglecules from (HSOx)-amine clusters, rather than to the
types of charged and neutral clusters computed by Nadykt@omputed thermodynamics, despite the large differences be-
et al. (2007, 2008, 2011, see also references therein) at thgeen e.g. PW91 and G3MP2 resullts.

exact same level. Unfortunately, even though the PW91 pyoton affinities have been computed using the standard
method has been demonstrated to predigb®-H20 and  definition that the proton affinity for some species X-it
H2S04-H2S0Oy binding reasonably well compared to experi- times the enthalpy for the X +H— XH™ reaction, with the
mental results or higher-level computations, recent investigaemhmpy of a proton set to 18T, whereR is the gas con-

tions (Kurén, 2011) indicate that it systematically underesti- stant andr the temperature. Structures and energetics for the
mates, by several kcal nol, the binding of dimethylamine  gtudied clusters are given in the Supplement.

to sulfuric acid — containing clusters. Test calculations in the

present study show that the same applies also to the binding

of dimethylamine to HSQ-HNO3 — clusters. This discovery 3 Results and discussion

necessitated recalculation of some cluster formation thermo- ) )

dynamics using the much more accurate (but also computas-1  Charging mechanism of pure and hydrated HSO,
tionally very expensive) composite methods G3 (Curtiss eLI_ . S

al., 1998) and G3MP2 (Curtiss et al., 1999). The G3 method 0 understand the charging processes occurring inside the

has been shown to yield excellent results for water clustersC“vIS instrument, we first need to know in what form the ni-

(Dunn, 2004), and the G3MP2 method is a cost-effectivetrate ions responsible for charging the sulfuric acid molecules

approximation for G3. The most stable structures from '[he_(anOI their clusters) actually exist. The nitrate ions can ex-

PWO91 calculations were used as input guesses for the G5t lelthtlar als; free '?Es’ olrdas ;:?r:ni)le_?e? V.V'th n|tr||cd aIC'd
and G3MP?2 calculations. molecules. It cannot be ruled out that nitrate ions could clus-

o ter also with other species, e.g. organic acids, but the concen-
Default energy and geometry convergence criteria Wer§yaiinn of organic contaminants is presumably much smaller
used in all calculations. ~ Test calculations on the ihan that of HNQ. Further speculation on this is beyond the
(H2501)(CHs)2NH cluster indicate that the use of tight cri-  goone of this study. All of these species can also be bound to

teria (which also requires the use of an ultrafine integra-gne or more water molecules, though as shown by the data of
tion grid) affect the PW91/6-311++G(3df, 3pd) binding en- \/ggiano et al. (1997), this will likely not affect the charging
ergies by less than 0.1 kcal md| while increasing the com- process significantly.

putational effort by a large factor. Thus, using tighter con-" |4nqring hydration and possible clustering with organics,
vergence criteria was not found to be cost-effective in thisyne fraction of nitrate ions bound tonitric acid molecules at

study. Thermochemical parameters were computed using thgqilibrium can be determined from the law of mass balance:
standard rigid rotor and harmonic oscillator approximations

(with scaling factors applied in the G3 and G3MP?2 calcula-
tions as described in the corresponding method references).

Fig. 2. A schema of the CIMS inlet. CDC and MS refer to collision-
dissociation chamber and mass spectrometer, respectively.
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[NO5-(HNO3), ] [HNOgJ*e i @
3 [NO; - (HNOg),] 1+ 3~ [HNOs]* ¢ R7~
k=1

with x truncated to 0, 1, 2). Though the absolute values are
not quantitatively reliable, both due to the errors in the equi-
librium assumption and to uncertainties in the computed free
energies (e.g. the G3 data indicates that PW91 may predict
where the nitric acid vapor pressure [HBIOis equal  Slightly too high NG -HNOs clustering), the qualitative re-
to the partial pressure of HNO(pHno,) divided by a  Sult that only a very small fraction of nitrate is present as
reference pressurgyes (here, latm), andAG, is the  free NG is trustworthy. This qualitative result is also ver-
free energy change (computed for 1atm reference presified by experimental evidence by Tanner et al. (1997) and
sure and some temperatuf® for the reaction NQ + Zhao et al. (2Q10), vth .both find the dominant ion to be
kHNO3 <>NO; (HNOz);.. Note that as we are comparing the NOj; (HNO3), with a significant but smaller (on the order of
relative concentrations of different clusters, the absolute ni-10%) contribution of NQ (HNOz)2. The difference between
trate ion concentration does not enter the final expressionthe computed equilibrium for the sheath flow and the mea-
The clustering enthalpies and free energies for nitrate iongured result from the sample flow is probably partially due to
with one and two nitric acid molecules, computed at the €vaporation of NQ (HNOs)2 in the sample flow (which has a
PW91/6-311++G(3df, 3pd) level, are given in Table 1. The significantly lower HNQ concentration). Based on this, sub-
G3 and G3MP2 free energy values for the NOHNOg re-  Sequent cal_culations have been ma(_je assum_ing the dominant
action are-21.81 and—21.03 kcal mot?, respectively, indi- ~ charge carrier to be NOXHNOs). If, in some instruments,
cating that the PW91 values for nitric acid — nitrate binding the extent of NQ-HNOg3 clustering in the sample flow is
are qualitatively reliable, though perhaps slightly too high. even larger, the charging efficiencies will be correspondingly
If the total concentration of nitric acid is much larger than lower.
that of nitrate (i.e. the concentration of free nitric acid is not  The proton affinities of the three N@HNO3),, (with b =
significantly depleted by clustering with nitrate), Eq. (1) can 0,1, 2) species are shown in Table 2. The proton affinity com-
easily be used to obtain an estimate of the nitrate ion — nitriqputed for HSQ is shown for comparison. Both the values
acid cluster distribution. for nitrate and hydrogensulfate are in reasonable agreement
The quantitative extent of nitrate — nitric acid clustering with the state-of-the art computational values given in the
will be different in different CIMS instruments, as it depends NIST Chemistry webbook (Bartmess, 2010), as well as with
on temperature, nitric acid vapor concentration, and mixingG3 and G3MP2 data computed here (see the Supplement for
time. In some instruments, the time between the charging ohbsolute enthalpy values).

the nitric acid sheath flow and the separation of ions from naive interpretation of the data in Table 2 would seem to
the flow is rather short, and full thermodynamic equilibrium i, jicate that CIMS instruments should not work at all, since
(as assumed in Eq. 1) likely cannot be assumed even fof,o qominant charge carrier NQHNO) is not able to re-

the sheath flow. In the sample flow, the nitric acid concen-, o o proton from WSOy in the gas phase. For example
tration is much lower than in the sheath flow, but evapora-y,e p\y91-jevel standard Gibbs free energy change for the re-

tion of the _s_me_lllest clusters is almost ce_rtqinly toc_) slow foraction (HSOy) + (NOZ)(HNO3) <> (HSO; ) + (HNO3); is
a new equilibrium to be fully reached within the timescale +9.95 kcal motL, indicating that the equilibrium for the re-

of the charging processes. For example, the evaporatlogction will lie strongly on the reactant side. Similar results
rate qf (Nq)(H'\_IO3) to NO; +HNOs C(szute.d fromthe o obtained for all charging reactions with (NBHNO3) as
datailn Table 1 is on Ehe order of 10s ! while that of the charging ion and free H§Cas an end product. Note that
(NO; )(I:|1N03)2 to (NO3)(HNOs) +HNOs is on the order o) vtions with different numbers of reactants and prod-
of 1Ps . Thus, even if the HN® concentration in the s the choice of reference pressure will have an enormous
sample flow were zero, (ND(HNOg) ions would remain  oftect on the numerical value of the free energy change. In
intact, while most (NQ)(HNOs)2 ions might evaporate 10 these cases, the sign of the5 term cannot directly be used
(NO3)(HNO3) + (HNOs). Furthermore, ions with different  to infer the favorability of the reaction for an arbitrary set of
masses are pulled from the sheath flow into the sample floweactant and product concentrations. This can be understood
with different efficiencies, so the equilibrium cluster distri- by noting that the equilibrium constant is also the ratio of the
bution computed for the sheath flow may not apply, even agorward and reverse reaction rates. If the number of reactant
an initial condition, for the sample flow. and product molecules are different, the equilibrium constant
As an illustrative example, at 298K temperature andwill therefore not be dimensionless, and its numerical value
a nitric acid concentration of 600 ppb in the sheath flow, will depend on the chosen system of units. For example, re-
corresponding roughly to conditions of the SI-CIMS used action rates and equilibrium constants computed for such re-
at Helsinki University (Pétja et al., 2009, and references actions using 1 atm as a reference pressure will have very dif-
therein), yields the result that only 189% of the nitrate ions  ferent numerical values from those using 1 molecule®m
in the sheath flow actually exist as free nitrate N@ith 11 even though the actual physical parameters — e.g. the cluster
% as NG (HNOg3) and 89% as NQ(HNO3)2 (using Eq. (1),  collision and evaporation rates — naturally remain identical.

Atmos. Chem. Phys., 11, 30038419 2011 www.atmos-chem-phys.net/11/3007/2011/
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[H2SOu] 1
Table 1. Thermochemical parameters (at the PW91/6-311++G(3df, - = 2
3pd) level) for the clustering of nitrate ions with nitric acid. All val- [HSO4 (HNos)b“] [NO3 (HNO3)”] KRiab
ues correspond to 298 K and 1 atm reference pressure for all species. 1 e Achlab _ Pref B Acgrlab

PINOZ (HNOg),,)
Reaction AH, AG, Pref

kcalmolr®  kcalmol? .
for reaction type R1la, or

P{NO3 (HNO3),)

HNO3 + NO; < (NO3 )(HNO3) 3202  —2360
HNO3 + (NO3 )(HNOg) <> (NO3 )(HNO3), ~1831 971 [H2SOy] _ [HNOg3] 3)

[HSOZ(HNO;;)b] [NOE(HNO3)}7] KRrinb
[HNOg] AGR1b.b

= € RT

Table 2. Proton affinities (at the PW91/6-311++G(3df, 3pd) level)  [NOz (HNO3)s ]

for the hydrogensulfate ion and various nitrate ion — nitric acid for reaction type R1b
clusters. '

Here,Kr1ab/AGRr1ap and
Krinw/AGRrinp are the equilibrium constants/free en-

Species Proton affinity, ergy changes for the Reaction (Rla, b), respectively,
kcal mol-1 PNOs—(HNOy)» IS the partial pressure of NfJ§HNOg3),, and
pref=2latm.
NOz 323.9 The standard enthalpies and free energies for reaction
(NO3)(HNG3) 300.5 types R1la and R1b with number of nitric acitls- 0,1 for
(NO3)(HNO3)2 2855 reaction R1a andl = 0,1, 2 for Reaction (R1b) are given in
HSOZ 311.1 Table 3.

Precise values of the ratio of ionized nitrate to nitric acid,
and thus the total nitrate ion concentration, are not easy
to determine in different regions of CIMS instruments, and

In the given example, the number of reactants and productgre also likely quite different for different instruments. For
happens to be the same, so the reference pressure terms c@fe Helsinki University CIMS, an upper limit can be esti-
cel out. mated by assuming that all the kinetic energy of all the al-
Even though “fly-by” charging reactions are thermody- pha particles (roughly 5MeV per particle) emitted by the in-
namically unfavorable, charging can (and will) occur via var- strument’s 7.5 MBq radiation source goes into ionizing air
ious clustering reactions, as noted by Viggiano et al. (1997):molecules (predominantly Nand @, with ionization en-
ergies of 15.6 and 12.1eV, respectively) in the nitric acid
sheath air, which flows past the radiation source at a rate of
22 standard liters per minute, and that every electron liber-
ated from air molecules eventually leads to the formation of
< (HSQ;)(HNO3),, . 4 (R1la) NOj ions, with all loss terms ignored. This would result in
nitrate ion concentration in the sheath air of about 70°
ions per cubic centimeter, or about 250-300 ppt. This is less
than 0.05% of the original HN@concentration, which in-
dicates that the assumption of excess neutral EiM@om-
where each cluster may also bound to one or more watepyting the nitrate ion cluster distribution is justified. Prelim-
molecules, and b may take several values — though, as innary experiments using a CIMS inlet together with an atmo-
dicated by experiments of Tanner et al. (1997) and Zhao epheric pressure interface mass spectrometer (APi-TOF; see
al. (2010), the most probable valuebis=1. In the Helsinki  jynninen et al., 2010, and Ehn et al., 2010) indicated a to-
UniVerSity ClMS, the C|USterS formed in Reaction (Rla, b) tal negative ion concentration of under6mn—3, which is
are subsequently broken up in a collision dissociation Champrobably somewhat more realistic. For the subsequent cal-
ber (CDC; see Mauldin et al., 1998 and &atet al., 2009  cyations, the upper limit of % 10° cm for the Helsinki
for details) prior to the mass spectrometric detection. ThUSUniversity CIMS will nevertheless be used.
even though the initially formed bisulfate-containing species  Eyen if all concentrations in the nitric acid sheath flow
are mostly (HSQ)(HNO3) and (HSQ)(HNOz3)2, the main  were precisely known, the application of equations 2 and 3
sulfur-containing ion finally detected is HGO is still far from trivial, as the nitrate ion concentrations and
Assuming that the effect of hydration can either be ignorednitrate — nitric acid concentration ratios required are those
(as indicated by the results of Viggiano et al., 1997) or inin the sample flow (where the proton transfer reactions actu-
any case accounted for via summation over all degrees oélly occur), not in the sheath air. This discussion refers to a
hydration, the equilibrium ratio of neutral to ionized sulfuric CIMS instrument of the same type as the Helsinki University
acid in the two mechanisms can be written as: CIMS, but the general principle is the same for any nitrate ion

(H2S0s) + (NO3 ) (HNOg),, (R1)

< (HSG;)(HNOg3), + (HNOg3) (R1b)

www.atmos-chem-phys.net/11/3007/2011/ Atmos. Chem. Phys., 11, 30092011



3012 T. Kurén et al.: The effect of 50, — amine clustering on chemical ionization mass spectrometry

Table 3. Thermochemical parameters (at the PW91/6-311++G(3df, 3pd) level) for the clustering reactions of sulfuric acid with nitrate— nitric
acid ions. All values correspond to 298 K and 1 atm reference pressure for all species.

Reaction AH, AG,

kcalmorl  kcalmorl
HaS04 +NO3 <> (HSO; )(HNO3) _4488  —35.16
H2S0y + (NO3 ) (HNO3) <> (HSO; ) (HNOs), —2006  —19.41
HyS0y + NOj <> HSO; +HNOg ~1281  -14.86
H2S0y + (NO3 ) (HNOg) <> (HSO; ) (HNOg) + HNOg ~1287  —1157
H2S0y + (NO; ) (HNOg), < (HSG; ) (HNOs), + HNO3 ~10.75 —9.69

CIMS —the HNQ and NG; concentrations must be known and reverse reactions, their values (as well as the computed
specifically in the region where thesBO, charging occurs.  equilibrium concentration ratios) are still good indicators of
As an order-of-magnitude estimate, the maximum nitrate ionthe relative efficiency of different charging mechanisms, or
concentration in the Helsinki University CIMS sample flow the relative efficiency of the same charging mechanisms for
can presumably be taken to be that computed above for thdifferent cluster types.
sheath flow, & 10°cm=3. While the nitrate ions and ion For example, the PW91/6-311++G(3df, 3pd) equilib-
clusters are effectively pulled from the sheath flow to therium constant for the reaction (NO(HNOgz)+H2SO4
sample flow by an electric field, the neutral nitric acid in the «» (HSO, )(HNOs) + (HNOs) is roughly 3x 108, indicating
sheath air (with a total concentration of 600 ppb in the exam-that the reverse reaction rate coefficient is smaller than the
ple instrument) does not mix significantly with the sample forward reaction rate coefficient by this factor. Assuming
air. Therefore, the neutral nitric acid concentration in the that the forward reaction occurs at close to the ion-molecule
sample flow is difficult to estimate. The total nitric acid con- collision limit (on the order of 10°cm=3s1), this would
centration in the sample air consists of three different contri-imply a reverse rate coefficient of around#0cm—3s1.
butions: minimal amounts of nitric acid mixed in from the This is clearly too small to matter regardless of the HNO
sheath flow, background ambient nitric acid concentrationconcentration. Thus, the concentration of HS®©ns de-
(which is highly variable, but mostly in the 1-10 ppb range, tected will be linearly proportional to the concentration of
see e.g. Arnold and Luke, 2007; Arnold et al., 2007; Neumanpure H,SO, molecules in the sample flow.
et al., 2000) and nitric acid liberated in charge transfer reac- Preliminary calculations on hydrated clusters made by
tions such as reaction R1b. For the subsequent calculations,s (see the Supplement for computed thermodynamic pa-
we have assumed a HN@oncentration in the sample air of rameters) indicate that hydration of the sulfuric acid by up
1ppb, giving a ratio of 4:1 for the neutral HNGo the total  to 3 water molecules will increase the Gibbs free energy
nitrate ion. (This intended to be a lower limit estimate — the of Reaction (R1a, b) (wittb = 1), but by less than 2 and
actual ratio is very likely higher.) 6 kcal mol?, respectively. Even after accounting for hydra-
Focusing on the number of nitric acids= 1 case, and tion, the neutral to ionized sulfuric acid ratio is thus well be-
using the HN@ and NGj (HNOg) concentrations computed low 10~2 for both charging pathways. From a dynamic view-
above, gives equilibrium values ofx210-5 and 1x 10-8 point, this means that the reverse reactions of R1a and R1b,

for the neutral to ionized sulfuric acid ratio at 298 K for Re- Where the hydrated (HSD(HNOs)2 clusters evaporate, or
action (R1a, R1b), above. where HNQ combines with a hydrated (HSQ(HNO3)

The equilibrium concentrations computed above are nofluster, to reform hydrated 230, and (NG )(HNOg), are
directly applicable to the dynamic situation inside a CIMS S|gn|f|cently faster than for the unhydrated case, but still too
instrument. Even if the upper limit ion concentration of SIOW to influence the measurement results. _

7 x 10°cm~3 is used, a sulfuric acid molecule only collides For pure and hydrated sulfuric acid monomers, the nitrate
with the charging ions a few times per second (with the pre-= hydrogensglfate proton transfer can the_re_fore _be expected
cise value depending on the rate coefficient assumed for thé® Pe essentially complete, even when nitric acid — nitrate
ion-molecule collision). If more realistic nitrate ion concen- Clustering is accounted for. This qualitative result presum-
trations are used, the time between collisions grows to severdtb!y applies for all CIMS instruments, and is in accordance
seconds or tens of seconds — implying that only a small fracWith the experimental results of Viggiano et al. (1997).

tion of the SO, molecules will actually collide with charg-

ing ions during the time spent in the drift tube. However,

since the equilibrium constants in Equations 2 and 3 above

are equal to the ratios of the rate coefficients of the forward
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3.2 Effect of base molecules on charging probability (Kurtén, 2011) indicate that they strongly underestimate the
Sulfuric acid — containing clusters which also contain baseb'nd.'ng between amines "?‘”d25'04- In contrast, the for-
ation thermodynamics given in Loukonen (2010) strongly

molecules such as ammonia or amines are less likely to b verestimate the amin id binding. most likelv due to th
negatively charged by proton exchange reactions than clygverestimate the amine-ac 9, most likely due to the

ters containing only sulfuric acid and water. The funda- \(lbrinonal stc?lngofgproaghtuseq. dir;e sgallng factoors n
mental reason for this is that while;BOy is a strong acid, oukonen etal. ( ) are determined based gB®4-Ho

and forms very strong hydrogen bonds with base moIecuIesCIUSters’ which have a greater proportion of intermolecular

HSQ, is a fairly weak acid, and does not bind particularly fomli:traToI(tecrular X Ibirr?tuorrrLaII mo{ljersv?t?r mt?ar:ed :QSI?:]“ N
strongly to bases. In a computational study by Koret ar | (rencuhsrﬁ Sr nsh rn? nio fk?unaintr ma IO Slar?/,ibr t?en i
al. (2008), it was demonstrated that the binding @58y to eral, much more anharmonic tha amolecuia anons,

ammonia and seven different amines is significantly strongth'S. approe;ch Fendsl totovereit_lrﬂa}te ':jhetartlharntwonlmg o(;‘_the
(by several kcal molt) than that of HSQ@. In other words, amine-containing clusters, which leads fo too strong binding

for base-containing clusters, the effect of the strong acidity of\év:::citgg free energies are calculated using the scaled fre-
H2SOq on the binding energies (or formation enthalpies/free ' . -

energies) is greater than the electrostatic attraction associated As none of t_he publlsheql datasets are s_ufﬁqently accu-
with the net charge on HSP On the other hand, for non- rate for m_osjellng the precise cluster dlstrlbu_t|0n of clus-
basic molecules, the opposite applies. For example, HSO ters containing one $5Qy molecule and a varying number

) of ligands, we recomputed the formation thermodynamics
binds both HSO; and HO much more strongly than neutral :
H,SOy does (see e.g. Kugh et al., 2007, 2008 and Ortega et for H2SQu(H20)1. 3 and FSOu(H20)o. 2(X) clusters (with

. P . o X= i imethylami ith the highl
al., 2008 for thermodynamic data). This difference in stabil- ammonia or dimethylamine) yv|t the highly accurate and
o - . expensive G3 method. Truncation of the dataset to clusters
ities means that it is much more difficult to remove protons

from base-containing clusters than from pure sulfuric acid _Of up to four molecules only was done due to computational
water clusters 9 P reasons (the cpu and memory requirements of the G3 method

scales with the 7th power of the number of valence electrons
Assessment of the overall effect o8O, — base clus- P

teri CIMS i ; . tigati fin the modeled clusters), and may affect the reliability of the
ering on measurements requires investigation ot ,i¢5 for very high RH values. However, for RH values
three partially separate issues. First, the fraction of

HoS lecul lustered with . b ¢ diff tbelow about 80%, truncation of the dataset to the trihydrate
25Cu molecules clustered with various bases at differen should not cause significant error (Kantet al., 2007), and

o . . %he computed results should give a reasonable indication of
bility of a H>SQs-base cluster being charged in the CIMS the degree of acid-water and acid-base clustering. The G3

instrument compared to a pure$0,; molecule or HSOs- - - . .
. enthalpies and free energies are given in the Supplement —
H»>O cluster needs to be evaluated. Third, we need to know. b g 9 PP

in what f the fracti f b lusters that equilibrium concentrations for the one-acid cluster distribu-
in what torm the fraction o '2504 ase clusters that are 4, can be straightforwardly computed as described above
charged will be measured in the final MS detection.

. i ) _ for the case of nitrate-nitric acid clustering, or in Kamtet
We have studied all of th.ese three issues using d|_n"!ethya|_ (2007) for HSO4-H,O clustering. The discussion here
lamine as an example amine. In general, the basiCity Ofqfers 1g free energies and cluster distributions computed at a
amines, as well as the strength 9f their binding to'a s'ng_letemperature of 298.15 K. While the overall degree of cluster-
sulfuric a_tmd (though_notnecessarlly to alarger, multlple-aC|ding decreases with increasing temperature, the competition
cluster) increases with the nu_mber of alkyl groups. The re-petween water and dimethylamine fos$0y, is only weakly
sults obtained here are thus likely to apply qualitatively alsoye e ratyre-dependent. The cluster distributions described
to other amines, but with the effects on clustering and chargygre therefore serve as order-of-magnitude estimates also for
ing efficiency being more pronounced for tertiary amines like different temperatures.
trimethylamine, and less pronounced for primary amines like While the PW91 data (see the Supplement and Nadykto
methylamine. et al., 2011) would indicate negligible amine-acid cluster-
3.2.1 Estimating the fraction of H,SO, bound to base ing even for amine concentrations as high as 1 ppb, anq the
molecules data from Loukonen et al. (2010) would indicate essentially
complete amine-acid clustering even for concentrations be-
In principle, estimating the fraction of 430, molecules low 1 ppt, the G3 method predicts moderate clustering for
bound to ligands such as water or base molecules for angoncentrations in the ppt range.
set of ligand concentrations is a simple task once the relevant Three main conclusions can be drawn from the cluster dis-
formation thermodynamics are available — se e.g. &udt  tributions predicted by the G3 thermodynamics. First, the
al. (2007) for an application to 4504-H20 clustering. Un-  concentration of one-acid clusters containing ammonia re-
fortunately, while e.g. the PW91 free energies forSidy- mains very low even for ammonia concentrations as high as
H>O clustering compare quite favorably with experimental 100 ppb, regardless of relative humidity. This is in agreement
and higher-level computational results, recent calculationsvith previous computational studies (Ortega et al., 2008;
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Nadykto et al., 2007, 2011) — at least two sulfuric acid 3.2.2 Relative charging probability of Hb.SO4-base
molecules are required for ammonia to attach to the clusters clusters
at typical atmospheric conditions. Second, the most common
H,SOy-(CHg)2NH cluster for any relative humidity above To illustrate the effect of base molecules on the charging
6% is (FbSOy)[(CH3)2NH](H-0), in qualitative agreement thermodynamics of sulfuric acid clusters, we have computed
with Loukonen et al. (2010). Third, the fraction of amine- the proton affinities of the two-molecule clusters of the hy-
containing clusters becomes significant as the free amingrogensulfate ion with ammonia (NiHand dimethylamine
concentration reaches a few ppt. For [(§bNH]=1ppt, the  ((CHz)2NH). At the PWOL1 level, the values are 320.1 and
total fraction of amine-containing clusters is about 7% for 322.1kcalmaot?, respectively. The corresponding G3MP2
RH 0% and 9% for RH 100%. At [(C&)oNH]= 10 ppt, the  values are 317.3 and 322.0 kcal mbl respectively. These
amine-containing clusters begin to dominate the distribution proton affinities are around 10 kcal mdlhigher than that of
with total fractions of 42% at RH 0% and 50% at RH 100%. free HSQ[, and within a few kcal mot* of the value for free
The values above correspond to theoretical equilibriumNO5. To assess the effect of this on the charging probabili-
distributions, where the formation and loss rates of sulfu-ties in CIMS, we have further computed the free energies for
ric acid have been ignored. In the real atmosphere, sulproton transfer reactions of ammonia- and amine-containing
furic acid may have a lifetime as short as a few min- clusters:
utes, and the amine-acid equilibrium distribution may never

have time to form. The hard-sphere collision rate be- (H2SO) (X) + (NO3 ) (HNOs), (R2b)
tween a (HSQq) and a (CH)2NH molecule is about

3x 10 ¥ molecules!s. As there are no significant ki- < (HSQ;)(HNO3), ,(X) (R2a)
netic barriers to cross in the formation of H-bonded clusters,

and energy non-accommodation plays only a minor role dues> (HSQ, ) (HNO3), (X) + (HNOg) (R2b)

to the large number of vibrational degrees of freedom of the
formed cluster (Kugn et al., 2010), the formation rate of Where Xis either NH or (CHz)2NH.
amine-acid clusters is likely of the same order of magnitude. The standard free energies for reaction types R2a and R2b
An amine concentration of 1 ppt thus implies that a sulfuric with number of nitric acid$ =1, computed with both the
acid molecule collides with an amine, and forms a cluster, onPW91/6-311++G(3df, 3dp) and the G3MP2 methods, are
average once per 140 s. For an amine concentration of 10 pp@liven in Table 4. Reaction enthalpies, as well as free energies
the time between collisions is reduced to 14 s. Thus, both kifor reactions withb =0 or b = 2, can be computed from the
netic and (G3) thermodynamic parameters suggest that théata given in the Supplement.
threshold amine concentration region for significant amine- Analogously to Egs. (2) and (3) above, we can also com-
acid clustering is in the 1-10 ppt range. Below this range,pute the ratio of neutral to ionized acid-base clusters for
clustering will be negligible for both kinetic and thermody- the two charging mechanisms by simply replacingSEy,
namic reasons, while above it, amine-containing clusters will(HSO, )(HNOg);, and (HSQ)(HNO3),+1 by (H2SO4)(X),
dominate the distribution of neutral sulfuric acid clusters.  (HSGQ,)(HNOg3),(X) and (HSQ)(HNO3),41(X) in the
Whether or not the b5O4-amine clusters are defined to equations.
belong to the “total gas-phase sulfuric acid” is a matter of Using the same concentration values and ratios as above,
taste. For example, 3$Oy4-H20O clusters are normally in- the PW91 method predicts neutral to charged ratios for the
cluded under this definition, so logic would suggest that(H2SOs)(NH3) cluster of around 0.2 for both mechanisms,
also SOy clusters with other ligands should be included. and neutral to charged ratios for the;&04) (CH3z)2NH clus-
On the other hand, unlike the smallest hydrate clusters, théer of around 17 and 3 for reactions R2a and R2b, respec-
H2SOy-amine clusters typically have an ion pair structure, sotively. In contrast, the G3MP2 method predicts significantly
they could also be considered to be salt monomers rather thaower values: 0.0004 and 0.002 for £6O4)(NH3), and
a different form of gas-phase)830, like the hydrates. Nev- 0.0002 and 0.002 for ($80Oy)(CH3)2NH, using the equa-
ertheless, we emphasize that unlike condensation onto largéions for the R2a and R2b mechanisms, respectively.
particles or various deposition processes, acid-amine clus- Thus, while the PW91 data predicts that as many as three
tering is not a permanent sink of atmospheric sulfuric acid.out of four (H,SOy)(CH3)2NH clusters remain uncharged
The evaporation rates of g30y)-(CH3)2NH clusters are in by CIMS, the G3MP2 data indicates that despite the low-
the 1¢...103s1 region depending on the water content ering of proton affinity caused by the base molecules, also
and computational method employed. Thus, even if the term{H2SO4)(CH3)2NH clusters will be essentially completely
“gas-phase sulfuric acid” is defined in a way that excludescharged given the assumed nitrate and nitric acid concen-
the acid-amine clusters, knowledge of their concentrations igrations (see Sect. 3.3 for a sensitivity analysis). In dy-
still crucial, as they form a relatively labile reservoir of free namic terms, this means that PW91 predicts that the re-
H2SOy. verse reactions (where (HGQHNO3),(X) clusters either
evaporate or react with HNto produce (HSOy)(X) and
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Table 4. Reaction free energies at the PW91/6-311++G(3df, 3pd) and G3MP2 levels for the clustering reactions of sulfuric acid, sulfuric acid
— ammonia and sulfuric acid - dimethylamine dimers with the nitrate - nitric acid ion. All values correspond to 298 K and 1 atm reference
pressure for all species.

Reaction AG,PW9l, AG, G3MP2,

kcal mol1 kcal mor1

HySOy) + (NO3; )(HNO3) <+ (HSO, )(HNO3) —-19.41 —21.85
294 3 3 A 3)2

H>SOy)(NH3) + (NO3 )(HNO3) <+ (HSO, )(HNO3)2(NH3) —13.95 -17.71

2SOy)(NH3 3 3 A 3)2(NH3

(H2S04)(CH3)2NH + (NOj ) (HNO3) <> (HSO] ) (HNO3)(CHa) NH —11.41 _18.27

(H2SOy) + (NO3 )(HNO3) < (HSO, )(HNO3) + HNO3 —11.57 ~11.09

(H,S0y)(NH3) + (NOZ )(HNO3) <> (HSO} )(HNO3)(NHg) + HNO3 ~1.70 —4.61

3 A

HoSOy)(CHa)oNH + (NOZ)(HNO3) <> (HSO] )(HNO3)(CHz)oNH + HNO3 —0.11 —4.68

3 A

HNO; (HNO3)) are rapid enough to affect the measurementexchange of ammonia by dimethylamine in nanometer-sized
results, while G3MP2 predicts them to be too slow. Since(positively charged) ammonium bisulfate clusters, Bzdek et
the G3MP2 method (which compares favorably with the evenal. (2010) found uptake coefficients that were close to unity,
higher-level G3 values) can be considered to be more reliablevithin the experimental error margins. On the other hand,
than PW91, the latter prediction is more trustworthy, thoughexperiments on the exchange of ammonia by trimethylamine
even more accurate future calculations as well as direct mean 20-500 nm ammonium nitrate particles have found uptake
surements may be required to fully settle the issue. coefficients of around 0.002 (Lloyd et al., 2009). It is not
In addition to the charging mechanisms described aboveglear which of these results correspond most closely to the
the base-containing clusters may be charged by a “basesystem studied here. On one hand, the nanometer-sized
exchange” mechanism, where the incoming gN(NOz) clusters of Bzdek et al. (2010) are clearly closest in size
cluster replaces an ammonia or amine molecule. Sincéo the two-molecule clusters in Reactions (R3) and (R4),
(NO3)(HNO3) is a base in both the Bnstedt and Lewis above. On the other hand, the$, — amine binding is
sense (it accepts a proton and donates an electron pair), thigronger than the $¥80s — NHz binding, and there may
process is then precisely analogous to the experimentallype a higher kinetic barrier to cross in the base exchange in
studied replacement of ammonia by amines in ammoniunthe case of Reaction (R4). In the absence of either truly
bisulfate (Bzdek et al., 2010), or nitrate (Lloyd et al., 2009) dynamic simulation data or experimental measurements of

clusters or bulk solutions: Reactions (R3) and (R4), the quantitative determination of
3 the efficiency of the base-exchange charging mechanism

(H2SOy)(NH3) 4 (NO3) (HNO3) < (HSOy) must unfortunately remain an open question.

(HNO3)2+ (NH3) (R3)

3.2.3 Effect of further acid molecules on charging
(H2S00)(CHg)2NH + (NG5 )(HNO3) < (HSO, ) (HNO3)2 The above discussion has concerned clusters containing only
+(CHg),NH (R4) one sulfuric acid molecule. In the atmosphere, especially
during particle formation events, a significant amount of the
The reaction free energy for Reaction (R3) is gas-phase sulfuric acid may be found in clusters with two or
—11.14kcalmot! at the PW91/6-311++G(3df, 3pd) more acid molecules (Zhao et al., 2010; Ehn et al., 2010). To
and —15.08 kcal mot? at the G3MP2 level. Similarly, the determine whether the presence of base molecules will af-
free energy for Reaction (R4)is7.55 and—8.32 kcal mot ! fect the charging probability of these clusters, we have com-
at the PW91 and G3MP2 levels, respectively. Thus, thePuted proton affinities for the charged sulfuric acid dimer
base-exhange type charging reactions are strongly exotheHSO; (H2SOs) with 0-2 dimethylamine molecules, using
mic, and the reverse reactions will be too slow to play both the PW91/6-311++G(3df, 3pd) and G3MP2 methods.

any role regardless of which set of computational dataThe results are given in Table 5. At the PW91 level, all two-
is used. Charging via this mechanism will therefore beacid clusters are predicted to have lower proton affinities than
determined solely by the kinetics of the base exchange. Thé&ee HSQ . Similar predictions are made by G3MP2, except
key parameter is the “uptake coefficient” — the fraction of for the case of the HSQ{H>SOs)[(CH3)2NH]>, for which
(H2SOy)(base)-(NQ)(HNO3) collisions that lead to the the proton affinity is predicted to be about 6 kcal mol
exchange reaction. Unfortunately, the interpretation of ex-higher. However, even this is still 6 kcal mdl lower than
perimental data on analogous systems is ambiguous. For thide proton affinity of HSQ(CHz)2NH cluster, and about
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1
1kca|_m0|— lower than that of HSQ(NHQ)' From a cluster . Table 5. Proton affinities (at the PW91/6-311++G(3df, 3pd) and
chemistry perspective, the result simply indicates that despit;3\p2 evels) for clusters of the hydrogensulfate ion with sulfuric
the presence of two base molecules, the larger cluster has atid and/or dimethylamine.

least one proton that is relatively weakly bound (and thus
suscepn_b_le to_rem(_)val by I\p_anq its clusters). The pro- Species Proton affiniy, Proton affiniy,
ton affinities given in Table 5 indicate that all clusters with PWO1 kcalmorl G3MP2. keal motl

more than one sulfuric acid molecule will likely be charged

. . HSO, 311.1 311.4
by CIMS, despite the presence of amines. As the effect of HSOi(CHg)zNH 3201 3220
L ; A . .
base molecules on charging increases with the strength Osto;(sto4) 281.8 2821
the base, the same will apply also for clusters with multiple HSO, (H2S04)(CHz)2NH 299.3 299.7
acid molecules and ammonia. HSO, (H2SOp)[(CH3)2NH]» 310.2 315.9

3.2.4 Evaporation of base molecules after charging
of the sulfuric acid contained in two-acid clusters, the base

As shown in Sect. 3.2.1, a significant fraction of sulfuric Molecules themselves will likely evade detection.
acid molecules are likely to be bound to amines whenever,

the free amine concentration is in the ppt range or higher.g"3 Sensitivity analysis and atmospheric implications

Th's |§despeh0|allytrt]rue for clusterfs with two ?r moretﬁulfu-_ In addition to uncertainties in the computed thermochemical
fic aci St" w ert'e b € pretsen_ce 0 dan an;me ovyterds iac'?)arameters and the neglect of various dynamic processes, the
evaporation rate by up 10 nin€ orders of magnitude. HOW-¢qnq|sions drawn in the above sections strongly depend on

ever, measurements of the smallest sulfuric acid — containinghe assumptions made regarding the;N@ncentration and
clusters (e.g. API-TOF data recently published by Ehn et aI"[he extent of nitrate ion — nitric acid clustering in the CIMS

2010, or cluster CIMS data published by Zhao et al., 2010)instrument, as well as the neutral nitric acid concentration in

do not ShOV_V large amounts of amine- or ar_nm_oma-contammg(he sample flow. In the example calculations in the previous
clusters. Since the dat"_" presented :’?lbove indicates that a Iarggctions, made for the specific case of the Helsinki University
part of the pa_se—contalnlng one-amq clusters, and all of theCIMS, the nitrate ion concentration estimate represents the
base-containing two-acid clusters, will be charged by CIMS, 5 iy case, while the estimated neutral nitric acid con-
the o.bs'ervatlons would seem to contradict thg qompmat'onag:entration in the sample flow is likely in the lower end of the
predl_ctlons. H_owever, this apparen_t cpntradlcnon IS aImOStrange of plausible values. More realistic values for either pa-
certamly_ explained by the weaker binding of base mOIeCUIeSrameter would increase the computed ratios of neutral to ion-
tf) negatively charged clusters, and the cpnsequent eVapOrdiaq sulfuric acid. For example, a nitrate ion concentration
tion of base molecules shortly after charging. of 1x 10’cm™2 and a neutral nitric acid concentration of
From the data Ortega et al. (2008, 2009), evaporation 0 ppb would, together with the PW91 free energies, imply
rates of an ammonia molecule from a neutral sulfuric acidthat less than one percent of{804)(NHz3) clusters and less
cluster (computed by assuming collision rate coefficients onthan 0.05% of (HSOs)(CHz)2NH clusters will be charged
the order of 3« 10-'°molecules*s™*, and applying the by the main charging ion (ND)(HNOz). On the other hand,
law of detailed balance) are on the order 0P 80", 105 even with these concentration values, the G3MP2 data still
and 102s™! for a cluster containing 1, 2 and 3 sulfuric predicts that around 80-90% of both cluster types will still
acid molecules, respectively. The corresponding values fobe charged (via the R2a mechanism). However, it is impor-
a charged cluster (where one neutral acid is replaced byant to note that even the G3MP2 data predicts a deviation
HSO;) are 183s7?, 101257 and 1ds71. Since the time  of the charging efficiency from unity for this (reasonable)
between charging and detection of the clusters is inevitablyset of nitrate and nitric acid concentrations. Furthermore, if
considerably longer than 1&? s, it is clear that no charged an error margin of around 2 kcal mdl in the G3MP2 free
sulfuric acid — ammonia clusters with less than 3 acids will energies is assumed, the percentage oS@})(CHz)2NH
ever be measured, despite the fact that ammonia-containinglusters charged could, at worst, be as low as 25%. Thus,
neutral two-acid cluster might be reasonably abundant inyhile quantitative predictions can not be made both due to
the atmosphere. The same considerations apply for th@ncertainties in the computational data and due to the lack
dimethylamine-containing two-acid clusters. Based on datef data on concentrations within the instrument, we can not
from Kurten et al. (2008), the evaporation rate of @4NH  rule out the possibility that clustering with base molecules
from a cluster with one and two sulfuric acids (and no water)reduces the measured Hp®ignal. However, this reduction
increases from around 1 and#8s™ to 10° and 18s™!, s very likely less than an order of magnitude, and probably
respectively, upon charging. Similar changes are predicte@énly on the order of ten percent or less.
by the G3MP2 data presented here. Thus, even though the
presence of base molecules will not prevent the measurement
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Again, we emphasize that very different values may becess of reaction R2b, and instruments with higher HN@n-
obtained for different instrument setups, though the generatentrations (either due to the instrument construction or the
principle is the same — base-containing one-acid clusters armeasurement site) might therefore measure somewhat lower
more difficult to charge. HSQ, signals. The more reliable G3MP2 thermodynamics

Taken together, the data in Tables 4 and 5 indicate that théndicates that the reduction in the H$Gignal caused by
effect of dimethylamine (and presumably, other amines) onamine contamination might be on the order of a few tens of
measured total sulfuric acid concentrations may not be a simpercent, if both the ambient amine concentration and the neu-
ple or even monotonic function of the amine concentration.tral HNO3 concentration in the instrument are high. Thus,
As the amine concentration increases, larger fractions of onethe maximum possible difference between instruments due
acid clusters will contain amine molecules, and may thus noto differing sensitivity toward amine contamination is likely
be guantitatively measured by CIMS. On the other hand, in-of this magnitude, as well.
creasing amine concentrations will also enhance the forma- In any case, we emphasize that the results and prelimi-
tion of clusters with two (or more) acid molecules (Kemt  nary conclusions presented here should not be considered as
et al., 2008; Loukonen et al., 2010), which will in turn be a quantitative solution for correcting measurement results for
measured by CIMS. amine contamination, but as a presentation of potential prob-

To some extent, the effect of amines or ammonia on thelem issue that should be investigated experimentally in more
sulfuric acid measurement may already be partially includeddetail.
in the calibration of the CIMS instruments. The Helsinki
University CIMS (as well as many others) is calibrated by .
generating a known amount of OH that then oxidizes &0 4 Conclusions
H>SOy. Since the basic contaminants will likely be present

in the calibration air, their effect will partially be taken into Using computational chemistry methods, we have shown that

account, depending on the relative timescales 8@, for- given amine concentrations in the ppt range or higher, a sig-
' r{1ificant percentage of all sulfuric acid molecules will be clus-

mation and measurement and acid-base cluster formatio Y red with ami Furth fracti fth ”
For amines, with typical concentrations in the ppt range, thel€red with amines. Furthérmore, some fraction ot these acid-

time elapsed between the formation of the calibratioS6&, Smw;]e cluztgrs 2‘;’% Sn Qt' under typ;]cal ohperatmg lc_ogldmons,
and its charging (around 0.3s in the Helsinki University e chargedin a Instrument, though more reliable com-

CIMS) is insufficient for the acid-base cluster equilibrium putational methods predict this fraction to be relatively mi-

to be reached, as the average time between collisions withor: on the order of ten percent or less. In addition to the

amine molecules is in the range of 100s. On the other hand,:_o_mputational m_ethod used, this prediction iS. extrenjt_aly_sen-
the effect of ammonia may partially be accounted for in thesmve to assumptions made about the clustering equilibria, as

calibration, as its concentration may be large enough for thé/vell as the nitrate ion and nitric acid concentrations within
H,SOy moiecules to have time to collide with NHprior to the CIMS instrument. However, all computational methods

the charging predict that any base molecules will very probably evaporate
In order to better quantify the effect of base moleculesfrom the negatively charged clusters before they are mea-

on the total sulfuric acid measured by CIMS, the following sgred. We nate that the gﬁects of amine glusters.may be
parameters need to be known: the percentage of nitric aCi(gilfferent than that of hydration (water clustering), which has

molecules that are charged to nitrate ions, the residence tim,@egllglble effect on CIM.S detection, as ;hown bqth exper-
of the nitrate ions in the nitric acid flow, the correspond- |m§ntally and co m.putat|onally. Further mvestlgatlon IS re-
ing concentrations of different nitrate — nitric acid cluster quired to quantitatively assess the effect of amine contami-

ions in the sample flow, and the concentration of neutral pi-nants on CIMS measurements.
tric acid in the sample flow. These parameters likely vary : .
among different instruments, and (at least for the sample ﬂowSuppIementary material related to this

- - article is available online at:
neutral HNQ concentration) between different measurement ]
sites. One intriguing possibility is that some differences hitp://www.atmos-chem-phys.net/11/3007/2011/

in measured sulfuric acid concentrations are due to diﬁer_acp-11-3007-2011-supplement.pdf

ences in the sensitivity toward amine contamination among
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struments. Also, as discussed above, some of the effects of
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tion procedure. On the other hand, the concentration of neu-
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