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Abstract. Sulphuric acid is a key component in atmo- good agreement with atmospheric observations of the con-
spheric new particle formation. However, sulphuric acid nection between the particle formation rate and sulphuric
alone does not form stable enough clusters to initiate paracid concentration. The coefficienfsaz2g2 connecting the
ticle formation in atmospheric conditions. Strong bases,cluster formation rate and sulphuric acid concentrations as
such as amines, have been suggested to stabilize sulphuritogz = KAZBZ[HZSO4]2turned out to depend also on amine
acid clusters and thus participate in particle formation. Weconcentrations, temperature and relative humidity. We com-
modelled the formation rate of clusters with two sulphuric pared the modelled coefficieni g2 with the correspond-
acid and two amine moleculegabg2) at varying atmo- ing coefficients calculated from the atmospheric observa-
spherically relevant conditions with respect to concentrationgions (Kopg) from environments with varying temperatures
of sulphuric acid ([HSQy]), dimethylamine ([DMA]) and  and levels of anthropogenic influence. By taking into account
trimethylamine ([TMA]), temperature and relative humidity the modelled behaviour ofazg2 as a function of [HSOy],
(RH). We also tested how the model results change if wetemperature and RH, the atmospheric particle formation rate
assume that the clusters with two sulphuric acid and twowas reproduced more closely than with the traditional semi-
amine molecules would act as seeds for heterogeneous nuclempirical formulae based on sulphuric acid concentration
ation of organic vapours (other than amines) with higher at-only. The formation rates of clusters with two sulphuric acid
mospheric concentrations than sulphuric acid. The modellegand two amine molecules with different amine composi-
formation rates/aog2 were functions of sulphuric acid con- tions (DMA or TMA or one of both) had different responses
centration with close to quadratic dependence, which is into varying meteorological conditions and concentrations of
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vapours participating in particle formation. The observed in-two can be explained also by other than kinetically limited
verse proportionality of the coefficierops with RH and  processes (Vehkadti et al., 2012).
temperature agreed best with the modelled coeffidkert2 At present, there is no general consensus on whether
related to formation of a cluster with two804 and one or  Eqgs. (1) or (2) describes better the atmospheric particle for-
two TMA molecules, assuming that these clusters can growmation, or should some more detailed parameterisation be
in collisions with abundant organic vapour molecules. In caseused. This unfortunate situation stems from (i) the scarcity
this assumption is valid, our results suggest that the formaef atmospheric measurement data suitable for this purpose,
tion rate of clusters with at least two of both sulphuric acid (ii) challenges in analysing atmospheric particle formation
and amine molecules might be the rate-limiting step for at-events (Korhonen et al., 2011), (iii) the possibility of hav-
mospheric particle formation. More generally, our analysising more than one formation mechanism operating either si-
elucidates the sensitivity of the atmospheric particle forma-multaneously or under different atmospheric conditions, and
tion rate to meteorological variables and concentrations of(iv) the large variability of the empirically determined val-
vapours participating in particle formation (also other thanues of the coefficientsl and K between different particle
H2SOy). formation events and from site to site. In most of the previ-
ous studies the particle formation rate is compared only with
the sulphuric acid concentration. The detailed role of other
1 Introduction constituents and the impact of meteorological conditions are
not known so far, even though the roles of organic vapours
The formation of new aerosol particles and their growth has(e.g. Metzger et al., 2010) and relative humidity (Hamed
been observed to take place in a wide variety of environmentet al., 2011) have been studied. In this manuscript we will
(Kulmala et al., 2004; Kulmala and Kerminen, 2008; Mirme investigate the variability of the coefficie and the fac-
et al., 2010; Zhang et al., 2012). In terms of the total parti-tors possibly responsible for this variability. We will focus
cle number concentration in the global atmosphere, particleon the kinetic-type process (Eg. 2), since this mechanism is
formation is very likely to dominate over the primary aerosol tractable with the modelling framework that we will use as
particle sources (Spracklen et al., 2006; Yu et al., 2010). At-our main analysis tool. Furthermore, Paasonen et al. (2010)
mospheric particle formation has been estimated to give showed that even though the coupling between patrticle for-
significant contribution the global cloud condensation nucleimation rate and sulphuric acid concentration was roughly lin-
budget (Spracklen et al., 2008; Merikanto et al., 2009; Pierceear (as in Eg. 1) when the data from several sites were inves-
and Adams, 2009; Yu and Luo, 2009), and to cause signifitigated together, the analysis of single-site data sets revealed
cant uncertainties in estimates of both current and future in<loser to quadratic couplings at each site (as in Eq. 2).
direct climate forcing by aerosols (Wang and Penner, 2009; In order to approach the problem, we need to specify
Kazil et al., 2010; Makkonen et al., 2012). the vapours participating in particle formation. &at et
The most important vapour for atmospheric new particleal. (2011) showed that under atmospherically relevant condi-
formation is thought to be sulphuric acid, yet significant un- tions, the formation rate of sulphuric acid dimers is close to
certainties related to the actual formation mechanism andhe collision rate of sulphuric acid molecules. In order to ex-
role of other vapours in this process remain (Kerminen et al. plain this finding, a stabilizing agent (most probably a basic
2010; Sipik et al., 2010; Kirkby et al., 2011; Zhang et al., molecule) is required in a sulphuric acid-containing cluster.
2012). Field measurements indicate that the formation rateSeveral laboratory experiments have pointed out that amines,
of new aerosol particles tend to be proportional to the am-which are probably the strongest bases present in atmosphere
bient sulphuric acid concentration (JHQ4]) to the power  with significant concentrations, have a marked enhancing im-
of 1-2 (Weber et al., 1996; Sihto et al., 2006; Riipinen et pact on particle formation (Murphy et al., 2007; Berndt et
al.,, 2007; Kuang et al., 2008; Paasonen et al., 2010), bual., 2010; Erupe et al., 2011; Bzdek et al., 2011; Zhao et al.,
larger power values have also been presented (e.g. Wang @011, Yu et al., 2012). These observations agree with quan-
al., 2011). Theoretically, the power of one could be explainedtum chemical calculations, e.g. Kért et al. (2008), Louko-
by an activation-type process (Kulmala et al., 2006) and thenen et al. (2010) and Ortega et al. (2012) concluded that
power of two by a kinetic process (McMurry and Friedlander, amines are far more efficient than ammonia in stabilizing
1979). The corresponding semi-empirical expressions for themall HbSOs-clusters in the atmosphere. However, Nadykto
particle formation rate/, may be written as: et al. (2011) estimated that the difference between amines
and ammonia in their capacity for stabilizing $O4-clusters
I = AlH2SQu (@) s evened out by typically orders of magnitude higher at-
and mospheric ammonia concentrations. The formation of stable
2 H>SO, dimers is the first step in acid-base cluster formation,
I = K[HS0u%, 2) and thereby gives the maximum particle formation rate in the
whereA andK are empirically determined coefficients (e.g. kinetic-type process. Hypothetically, it might be that a clus-
Riipinen et al., 2007). It should be noted that the power ofter of two LSO, and amine molecules could be both large
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and (relatively) basic enough to grow further via collisions or TMA. The number of molecules in a cluster is marked
with acids other than y50, as well — for example organic  with a subscript and the concentration is marked with square
acids, which have much higher atmospheric concentrationbrackets, e.g. [AD1T1] stands for the concentration of clus-
than sulphuric acid. In this case, the formation rate of theters with two sulphuric acid molecules, one DMA and one
clusters would be directly comparable to the observed parti-TMA molecule. Additionally we use [Aot] for the total sul-
cle formation rate. phuric acid monomer concentration, i.e. the sum of concen-
Even though some atmospheric concentration measurérations [A], [A1D1] and [A1T1]. In the comparison between
ments have been made during the last decades (Ge et athe model results and atmospheric observations we denote
2011; Hanson et al., 2011), the knowledge of the concenwith Kqpsthe values of the coefficier calculated from the
trations of gas phase amine molecules in ambient air is stilimeasured particle formation rate and sulphuric acid concen-
far from being complete. Even less is known about the spatration using Eq. (2).
tial and temporal variation of their concentrations. In addi-
tion, the insufficient understanding of the role of other or- 2.1 Model system
ganic vapours in particle formation or in their initial growth
increases the uncertainties in determining the mechanism bérhe modelled cluster size space includes clusters consist-
hind atmospheric particle formation. ing of 1...3 molecules of sulphuric acid and 0...2 amine
The particle formation rate is expected to be affected bymolecules. However, the clusterg® and AsD1T1 were not
the ambient temperature and humidity. The evaporation raténcluded in the model, because the corresponding quantum
of molecules from a cluster increases exponentially with thechemical formation energies have not been calculated so far.
temperature, so the stability of clusters decreases with an in©rtega et al. (2012) determined the cluster energies for clus-
creasing temperature and a smaller fraction of the clustersers up to AD4, but we did not include all of these clusters
will be able to grow into larger sizes. On the other hand, theinto our system in order to keep the model system similar
presence of water molecules increases the stability of somér both DMA and TMA. Including the larger clusters would
sulphuric acid-amine-clusters (Loukonen et al., 2010), andalso require an assumption that e.g. the organic vapours do
thus the particle formation rate can also depend on relativanot adhere to these clusters (due to their too high acidity/low
humidity (RH). basicity), which would complicate the system further. The
The coefficientk has been observed to vary by roughly effect of water molecules bound to,AA1D1 and A Ts-
four orders of magnitude, from about¥to 10 11cm®s~1  clusters on the concentration distribution was studied, but the
under different atmospheric conditions (Kuang et al., 2008;hydrated clusters were not directly included in the dynamic
Paasonen et al., 2010). Our main goal in this paper is to shethodel (see Sect. 2.1.3 for how hydration was implicitly ac-
light on the factors explaining this variability. More specif- counted for). The model runs were performed in temperature
ically, we aim to address the following questions: (i) how range from 260 to 320 K and RH range from 0 to 100 %.
the formation rate of (bISOy)2-amine clusters (i.e. stabilized The amine concentrations were kept constant during the
sulphuric acid dimers) is limited by the concentrations of model runs. We made the calculations with [DMA] to
H>SO, and amines, (ii) how sensitive this process is to the[TMA] ratios of 1:1, 1:10 and 1Q 1. In order to make
properties of different amines, (iii) what the roles of ambi- the comparison to measured sulphuric acid concentration
ent temperature and humidity are, and (iv) how our resultspossible (see Sect. 2.1.1), we also kept the total sulphuric
compare with atmospheric observations. We model the conacid monomer concentration {Ast] constant by fixing the
centrations of clusters formed from sulphuric acid and twochanges in [A] to be inverse to changes iniBi], i.e.
amines, di- and trimethylamine, in atmospherically relevantd[A])/dr = — d[A1D1]/dr— d[A1T1]/dt.
concentration and temperature ranges. The model results are
presented in the way that they are comparable to atmospher2.1.1  Kinetic model and rate coefficients
measurements. In addition to the model results, we compare
the modelled formation rate of stable dimers to a variety ofWe used a kinetic model (DACM; Kulmala, 2010) for cal-
atmospheric data of particle formation rate and sulphuric acicculating the concentrations of sulphuric acid-amine-clusters.
concentration measured in very different atmospheric envi-The steady state concentrations were determined by dynam-
ronments. ical equations for each cluster. The time derivatives of the
concentration of each cluster type included source terms
from the collisions and evaporations resulting in that cluster.
2 Materials and methods The sink terms originated from the evaporation rates from
the cluster, its collisions with the other clusters or molecules
In the following sections the abbreviations A, D, and T re- within the model and losses due to the coagulation sink,
fer to sulphuric acid (HSQy), dimethylamine ((CH)2NH, which was set equal to 1871, a typical sink for molecu-
DMA), and trimethylamine ((ChH)3sN, TMA), respectively. lar sized clusters in continental background areas (Dal Maso
The abbreviation B refers to base, here meaning either DMAet al., 2007). The steady state cluster concentrations were
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calculated with the odel5s solver in MATLAB program. over the studied temperature range. This assumption is rea-
This solver is effective for solving stiff differential equations sonable, as e.g. for thexA,-cluster the maximum difference
(Shampine and Reichelt, 1997). With the solver, the concenbetweenAGs calculated with constant and temperature de-
trations of clusters are changed according to the above dependent values ok H andAS is, within the studied temper-
scribed time derivatives repeatedly until the steady state ofture range, around 0.01 kcal mél

the whole system is achieved.
The collision rateg;; between clustersand j were cal-
culated as (Seinfeld and Pandis, 2006)

kij = Bijcicj, (3)

wherec; stands for the concentration of clustgandp;; is
the collision coefficient between clusterand j, obtained
from kinetic gas theory as

8kpT
Bij =7 (ri +r5)° | jf; , 4)

wherekp is the Boltzmann constant; is the temperature,
r; is the radius of clusterandu =m;m;/(m; +m;) is the
reduced mass.

The evaporatiom; 1 ;,; ; rates were calculated as

Citj—i,j =V,‘+jﬁi’jci+ja (5)

wherey; 1 ;; ; is the evaporation coefficient of cluste+ j
evaporating into clusteisand j, andc; ; is the concentra-

Some assumptions of the evaporation rates were necessary
to be made because quantum chemical free energies for all
the relevant larger clusters were not available. The rate co-
efficients for the following collisions were set to zero, be-
cause the reverse evaporation from the resulting cluster oc-
curs presumably very rapidly (Ortega et al., 2012): all colli-
sions of the type ABx+ B; Az+ A,; A3Bi+ A, AxTo+
T (as the computed evaporation rate of DMA fromD%
is very fast, see Sect. 3.1). However, the collisions leading
to clusters AD,T1 and AD; T, were allowed. Even though
these two clusters are very unstable, they may form different
evaporation products than the initial clusters/molecules that
collided: e.g. whether a DMA or TMA molecule evaporates
from A,D,T1 cluster does not depend on the conformation
of the colliders (AD2+ TMA or A;D1T1+ DMA), but it
is determined by the relative stabilities of the end products
after the evaporation, D, and AD1T1 (this results from
applying Eq. (6) for calculating the ratio of two evaporation
rates from the same initial cluster, i.e. with sam&, ;,
the differences between the collision rafgg+g for dif-
ferent amines B being negligible, and the monomer ener-

tion of clusteri + j. The evaporation coefficients were ac- gieSAGpma and AGtua equal to zero, by definition). We
guired from the guantum chemical calculations described byhave not computed the free energies for clustei® A, and
Ortega et al. (2012). Assuming detailed balance, the evapoA2D1 Ty, but, as it is obvious that they are very unstable, they
ration coefficient can be calculated from the correspondingwere set to evaporate one of the amines (the identity of which
collision coefficient and the Gibbs free energies of formationis determined by the relative stabilities of the potential re-
of the evaporating clustért+ j and the product clusteisand ~ maining clusters) instantaneously when formed. Similar base
Jj: substitution reactions for clusters containing ammonia have
been studied by Kupiainen et al. (2012) and for charged clus-
Viejoi = Bis Dref ox (AGH—j —AG; — AG/) , (6) ters by Bzdek et al. (2010) and DePalma et al. (2011).
' kgT kgT With the above presented boundary conditions, all the
whereg;; is the collision coefficientAG; is the Gibbs free routes aI(_)ng which th_e clusters grow out O.f the system are
included in the formation rate of clusters with two or more

ner f formation from monomers of cl n i
energy of formation fro onomers of clustea dprEf.S molecules of both A and BJas> (see Sect. 2.1.4). We
the reference pressure where the formation free energies have

been calculated (which cancels because the valuesGf rA?pBe aﬁgsilr;gﬁsronoffvlv rouurlsofu tr;}deesr 'gzgisugﬂ?lsci)gn?\?vtitahe
are calculated in the same pressure). or2 aznic vapour molgcules havin Co)rqcentrazon ofaa—3

The formation free energies of all the clusters were orig- 9 PO . 9 .'
. . . = These collisions were included in the model by adding an
inally calculated at 298.15K using a quantum chemical

multi-step method that combines B3LYP/CBSB7 optimized additional loss term for the /B,-clusters.
geometry and frequency calculations with RI-CC2/aug-cc-
pV(T+d)Z single point energy calculations (Ortega et al.,
2012). The Gibbs free energy of formation in other tempera-
tures was calculated as

2.1.2 Effect of cluster formation on sulphuric acid
concentration

The atmospheric sulphuric acid concentration is typically
@) measured with Chemical lonization Mass Spectrometers

(CIMS; Berresheim et al., 2000; R et al., 2009; Sjstedt
whereAH and AS are the formation enthalpy and entropy et al., 2007). The measurement with the CIMS is based on
of formation of the cluster, respectively, obtained using har-selective ionization, during which the reagent nitrate ions
monic oscillator and rigid rotor approximations for the clus- (and/or its clusters with nitric acid) accept a proton from sul-
ters. The values oA H andA S were assumed to be constant phuric acid molecule, converting it to a bisulphate ion. The

AG=AH4+TAS,
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signal of these bisulphate ions in the mass spectrometer is
then converted to concentration via the calibration method
described by Mauldin 1Il et al. (1999). However, Kemntet  veff (CD — C+D)

al. (2011) calculated that at least a significant portion of the imax jmax
H>SO4 - ammonia- and KSO, - DMA-clusters gets charged = ZZ)/ (CDW;4;— CW;+DW;) f (CDW;;). (12)
in the CIMS charger. This charging leads to an immediate i=0j=0

evaporation of the base molecule, and thus these clusters are . . o .-
detected as pure4$Qy. In order to take this into account, we We performed test simulations of individual collision and
modelled the HSQ, concentration measurement with the to- evaporation processes, where we took all hydrates of the re-

tal concentration of sulphuric acid monomers, i.e. the sum ofictants and proc_iuct_s explicitly into a_\ccount. We fpund t_h_at
the pure sulphuric acid monomer concentration and the COnghe hydrate distribution of each species remained in equilib-
centration of AB;-clusters rium during the process, and the resulting effective collision

and evaporation rates were in agreement with Egs. (11) and
[A1tot] = [A]l + [A1T1] 4+ [A1D1]. (8) (12). Therefore, all the simulations in this study with RH

have been performed assuming that the hydrate distributions
We ran the model with [Aw] in range of 18 to of all molecules and clusters equilibrate much faster than the
3.16x 10° cm~3, covering the typical observed ambient sul- timescales of other collision, evaporation or coagulation pro-
phuric acid concentrations (R et al., 2009; Mikkonen et  cesses. Thus, water molecules have not been included explic-
al., 2011; Zheng et al., 2011). itly in the simulations, but through the effective collision and

. ] evaporation rates.
2.1.3 Effect of water on the collision and evaporation

rates 2.1.4 Modelled cluster formation rate

The concentration of water in the atmosphere is approxi-The minimum requirement for a cluster to participate in par-
mately ten orders of magnitude higher than those of sulphurigicle formation is that it holds together long enough to col-
acid, ammonia and amines, and solving the birth-death equaide with another cluster or molecule of nucleating vapour.
tions for the full (three-dimensional) water-containing sys- We modelled the formation rate of a cluster as the difference
tem is, therefore, computationally very challenging. To over-between the sum of collision rates forming the cluster and
come this problem, we first solved the hydrate distributionsthe sum of evaporation rates from the cluster, i.e.

for clusters with no more than two molecules (other than

water) at different temperatures and relative humidities, and]ab:Zk(aib,-)(ajbj) [aibi][ajb;]— ZVab [ab], (13)
then calculated effective collision and evaporation rates of

the other compounds as a weighted average over these hy\zhere the first term describes the formation of clusters with

drate distributions. at leastz acid molecules and base molecules from the col-
The hydrate distributions for a cluster C were solved with lisions of all the clusters;b; anda;b; in whicha; +a; > a
(see e.g. Kugén et al., 2007) andb; +b; > b, and the second term describes the evapo-
ration rate as a sum of the rates at which an acid or base
F(CW,) = [CWi] ©) molecule or an acid-base-cluster is evaporated from clus-
' ijaé [CW,-]’ ter ab. This approach is analogous to the measured particle
J= J

formation rates (e.g. Manninen et al., 2009; Kulmala et al.,
where C is a molecule or a cluster of two molecules other2012), in which the external loss terms for a particle, coagu-
than water, W stands for water, G\ C clustered withi lation and growth, are also taken into account.
water molecules, and In this study, we examine in detailaog2, the forma-
, tion rate of clusters including two or more sulphuric acid
[CWi] <[W] ﬂ)l ox (AG(C) = AG(CWi)) (10)  Molecules and two or more amine molecules (for clarifica-
[C] Do P kgT ’ tion, here are listed some of the collisions that are counted in
J :A2B1+ B; A1B1+ A1B1; A1Bo+ Az AoB1+ AsBg,
where [W] is the concentration of water vapor gnglis the bﬁiBez.g. :2812—:_ Alis ﬁoﬁeclaulse t%ezf—grmitio?] olfjgg i?s all-

reference pressure (in this case 1 atm) in which the Gibb%ady counted iMasg2). The conversions of AT, AoD1 T,
free energies are calculated. The effective collision rates Wernd AD, due to their collisions with amine molecules, de-

calculated by averaging over the hydrate distributions as

scribed in Sect. 2.1.2, were taken into account when calcu-
lating formation rates/azg2. Thus, we subtracted e.g. from

Imax Jmax
ﬁeﬁ(C+D):Z Z,B(CWI'+DW./)f(CWi)f(DWj), (11) the formatipn ratefao2 calcula‘Fed with Eq.. (13) the propor-
i—=0 j=0 tion of collisions AT>+ D which results in AD,1T1, and
consistently added this proportion thopi711. The evapo-
and effective evaporation rates similarly as rations reckoned in the calculation df.g, are those from
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A2Ba-clusters only, because the evaporation rates-qBA 1 3 Results: simulated behaviour of the system
from most of the A 2B>2-clusters were not available (fol-
lowing consequences are discussed in Sect. 5.1). The reas@1 Cluster formation free energies and evaporation
for not analysing separately the formation rate gBA clus- rates
ters (Jazp1) Will be explained later.
The formation rate/azg> is, as shown in the results, cou- The quantum chemical enthalpia${, entropiesA S and the
pled with [A; 1ot] to the power close to two. In order to study related Gibbs free energiesG at T =280 K of the clus-
the effects of varying temperature, RH and concentrations ofers included in the model are presented in Table 1. The re-
H>SOy and amines otla2p2, We inspect the behaviour of the sulting evaporation rates are presented in Table 2, and those

“observable” coefficienK a2 in of A1B1, A2B, and ABj-clusters are depicted in Fig. la.
Electronic cluster formation energies calculated in this study
Jazs2 = KpzB2lA ol (14)  (at the B3LYP/CBSB7//RI-CC2/aug-cc-pV4{T)Z level) as
) well as the coordinates of the most stable structure of each
2.2 Atmospheric measurements cluster (at the B3LYP/CBSB7 level) are presented in the Sup-
We reanal . hplement. The same information for the other clusters is pre-
ysed nine sets of measurements from around the

. . . ., _sented by Ortega et al. (2012). Additionally, the figures illus-
Northern Hemisphere, all including data for aerosol partlcletrating the chemical structure of the most stabi®A A, T,

number size distribution, sulphuric acid concentration, tem- .
. . . and AD;T;-clusters are presented in the Supplement.
perature and RH. The sulphuric acid concentrations at all the .
Evaporation from AB;-clusters was found to be very fast

sites were measured with CIMS instruments. The measure. - arison to BB, -clusters (see Table 2), and addin
ments in Hyytala (Finland) were conducted at the SMEAR ba Gt ’ 9
. : . . more acids while keeping the number of bases constant
Il station during QUEST II- and QUEST IV-campaigns in : .
) . . : would increase the evaporation rate even more (Ortega et al.,
March—April 2003 and April-May 2005, respectively (Sihto T .
S : 2012). This implies that in order to form a stable cluster con-
etal., 2006; Riipinen et al., 2007), and during the EUCAARI- " )
RS . sisting of at least two bSO, molecules that is capable of
campaign in April-May 2007 (Kulmala et al., 2011). The ; » .
. = rowing further, the addition of a second base molecule is
measurements at the German stations, Melpitz in May 200 . .
. equired. Thus, we focus on the formation of clusters con-
and Hohenpeissenberg from June 2007 to December 2008; . . .
.~ ~Sisting of at least two molecules of both sulphuric acid and
were also conducted as a part of the EUCAARI campaign,_ .
. ; mine molecules.
as well as the measurements at San Pietro Capofiume (ltaly) - . N . :
. . L Trimethylamine is a stronger base than dimethylamine,
during June—July 2009. The data at Teéanfmunicipality making the AT, -cluster slightly more stable than the B,
40km north from Mexico City, Mexico) were gathered in g ! ghtly By

: cluster. However, the nitrogen atom in the TMA molecule,
May 2006 (lida et al., 2008), at Atlanta (US) (McMurry and_ already bound to three carbon atoms, is capable of forming

Eisele, 2005; Kuang et al., 2008) in August 2002 and at Bel'only one hydrogen bond, whereas that in dimethylamine can
jing (China) between July and September 2008 (Wang et al'l‘orm two. Thus, the AT»-cluster is much less stable than

2011). . . s
The particle number size distribution measurements dur-AzD2 cluster. Accordingly, the only crucial point in the for-

ing the EUCAARI campaigns (Hyyala 2007, Melpitz, Ho- mation of AD» is whether the AD;-cluster will hold to-

. d .ﬁllether until it collides with another cluster or a sulphuric acid
henpeissenberg and S. P. Capofiume) were measured WImolecule In the formation of AT»>-clusters, also the compe-
a Neutral and Air lon Spectrometer (NAIS, Kulmala et al., ) 2 ' P

2007). From these data the formation rate of particles wnhmlon betvve_en the evapor ation of TMA fromz_}KZ cluster
) . and the collision of AT, with the next condensing molecule
diameter of 2nm was calculated directly by the method of.” . .
: . is important. It should be noted that the evaporation of a
Paasonen et al. (2010). At the other sites the particle numbeI:MA molecule from a AT,-cluster results in a very stable
size distribution was measured with a Differential Mobility 2 Y

Particle Sizer (DMPS). From these data we calculated ﬁrsz_le-cIuste_r which can then grow back by c_olhdmg e!ther
. . . - with an amine molecule or 5O, clustered with an amine
the formation rate of 4 nm particles using a similar proceduremolecule

as with the NAIS data, and then back calculated the forma- . -
) . . . The relative stabilities of AT1- and A D;-clusters change
tion rate of 2nm particles with the formula given by Ker- .
. . . when water molecules are introduced to the system. The ef-
minen and Kulmala (2002). From the QUEST campaigns in,__ :
fective evaporation rates from these clusters, and fragm A

Hyytiala we applied the data for the formation rate of 1.5 nm : :
articles calculated with the methods described by Sihto e? IusFer for comparison, are pre;ented as a LR
P in Fig. 1b. In typical atmospheric condition¥ & 280 K,

al. (2006) and Riipinen et al. (2007). RH = 40%) the water molecule concentration is around
10 cm3, leading to a collision frequency with water of
about 5x< 107 s~ for all molecules and clusters. As the evap-
oration rate of water from the ®1W1-cluster is of the
same order of magnitude (see right hand side in Table 2),
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Table 1.Formation enthalpiea H and entropie\ S, calculated at 298 K, and the corresponding Gibbs free enetgieat T = 280 K. The
values ofAH andAG are given in [kcal mot1], andAS in [cal mo~1 K—1].

Cluster AH AS AG Cluster AH AS AG
As —-17.85 —-33.42 —-8.49 A Wq -11.34 -29.70 -3.02
A3 -35.82 -72.19 -15.61 AW —-2249 -60.69 -—-5.50
A1Dq —24.65 —31.01 -15.97 AW3 —33.89 -100.19 -5.84
AsDq -57.06 —-74.40 -36.23 AWy —-4597 -131.91 -9.04
A3Dy —81.46 —112.90 -49.85 A W5 -54.74 -160.16 —9.89
A1D> —-40.08 —-66.37 215 AW, -31.64 —-68.74 -12.39
AoD»y —87.52 -105.16 -58.08 PAOWo —45.67 -106.43 -15.87
A3D» —-113.58 -155.37 -70.08 AW3 —-57.35 —-136.68 —-19.08
AsD3 —108.24 —152.75 —65.47 AWy —68.27 —168.62 —21.06
ATy —-26.04 3454 -16.37 AW5 —82.95 -—-208.44 —-24.59
AoTq -57.16 -75.30 -36.08 DWWy —-6.65 —28.43 1.31
AsTq —75.32 —112.92 —43.70 DWs -15.80 —66.40 2.79
AqTo —42.23 -71.66 -—-22.17 AD{W; -37.89 —-65.76 -—19.48
AoTo —84.48 -118.41 -51.33 AD{Wy, —48.79 —99.37 -20.97

A1D1Tq —41.01 -68.15 -21.93 ADiW3 5881 -134.40 -21.18
AyD1Tq —83.86 —113.64 -—-52.04 ADiW, —69.46 —-164.94 -—-23.28
A1Di;Ws —-80.10 -199.35 -24.28
AT{W1 3552 —-66.46 —-16.91
AiT{Wy —-4520 —-95.26 -18.53

Table 2. Evaporation rates from the modelled clusterg'at 280 K in units [s_l]. The highest evaporation rate from each cluster type is
indicated with bold font.

Initial Evaporated molecule/cluster Initial Evaporated molecule
cluster A D A D1 T A1Tq cluster w AW, D T

Ay 2x10° - - - - AW, 5x107 5x107 - -

Az 3x104 - - - - AW 2x108  2x108 - -

A1D; 4x1073  4x1073 - - - A - 2x108 - -

AsD; 2x1078  3x10712 2x106 - - AsW, 1x107 5x10? - -

A3Dq 3x1071  3x10717 2x10710 — - AyW> 3x107 2x10? - -

A1D, 7x10°10  7x10° 7x10° - - AoW3 5x10’ 6x10t - -

AsDy 3x10719 1x1077 s5x10°1 - - ApW,y 5x108  2x10? - -

A3Dy 5x10° 3x10°6  1x104 - - A1D1 - 4x103  4x10°3 -

A,D3 1x10°20  3x10* 2x10712 - AiD1W;  3x107 2x10°3 2x103 -

A1Ty 2x1073 - - 2x10°3 - ADIW,  1x10° 1x102 1x102 -

AyTq 4x10°6 - - 410712 4x10°6 ATy - 2x1073 - 2x103
ATy 1x10% - - 2x10712  2x10°5 AiTiW;  6x10° 2x1071 — 2x10°1
A1To - - - 4x10° 4x10P AiTiW,  9x108  1x1dd - 1x 100
AyTo 2x10718 2x1072  4x10°°

AiD1T; - 7x10° 3x10° 3x10° 7x10°
Ao,D1T1  4x10714 6x103 5x10® 7x103 5x10°©

a large fraction of AD1W,-clusters is hydrated. Because of A;D;W,-clusters having two water molecules at higher
the A¢D1W is more stable than ;Wp, one would ex-  RH. This relatively unstable cluster evaporates DMA more
pect decrease in the effective evaporation rate of DMA fromefficiently than the less hydrated ones, thus increasing the
A1D1W,,-clusters with increasing RH. However, this de- effective evaporation rate. Unlike in case of[&W1, the
crease is visible only at low RHs after which the rate re- evaporation rate of a water molecule fromTAW; clus-
mains constant or even slightly increases. This feature igers is two orders of magnitude higher than the typical col-
caused by a small proportion (up to 10% at RH100 %) lision rate with water molecules. Therefore only 2% of all
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Fig. 1. (a)Evaporation rates from £841, A»B> and AB1 -clusters as a function of temperature at RH. The presented evaporation rates

are the highest rates corresponding to each cluster (see Table 2). The coagulation rate used in the model is depicted for dbjnparison.
Effective evaporation rates frompAand A;B1-clusters at their equilibrium hydrate distributions as a function of RH at280 K. Note the
splitting of the scale.

A1T1W,, clusters are hydrated even at RHLO0 %. This mi-  first inspect the proportions of pure and clustered sulphuric
nor fraction, however, increases the effective evaporation ratacid monomers. In Fig. 2a we depict the fractions of pure
of TMA from A 1T1W,,-clusters, because the evaporation of aH,SO4 molecules (solid lines with circles), 1&1-clusters
TMA molecule is 100 times faster from the A&Wi-cluster  (solid lines) and AD;-clusters (dashed lines) of the total
compared to that from AT1. As a result, the effective evap- monomer concentration [Aot] under varying amine con-
oration rate of a TMA molecule from A&T1W, -clusters is  centrations as a function of fA.] at 7 =280 K and in
higher than that of a DMA molecule fromi®1W,-clusters  absence of water. When {Ao] is below 1Fcm3 (and
at RH of 20 % and higher. the meteorological conditions are as above), the fraction
Due to the large computational costs, we did not calculateof sulphuric acid monomers being clustered with an amine
the quantum chemical free energies of clusters consisting ofmolecule depends only on the amine concentration, but when
water and more than two other molecules. For these clusterfA 1 tof] surpasses Faxm—2 the clustered fraction starts de-
we assumed that they would evaporate water molecules soreasing. If the amine concentration is®b@n—2 or higher
effectively that the proportion of hydrated clusters is negli- and an order of magnitude higher tham 6], almost all of
gible, and does not affect the effective evaporation rate othe monomers are clustered with aminesg0 % with DMA
a sulphuric acid or amine molecule. This has been showrand> 60 % with TMA.

to be a relevant assumption for the sulphuric acigDfx The monomer concentration distribution is strongly de-
clusters (Loukonen et al., 2010). Because the TMA moleculependent on the temperature (Fig. 2b). The fraction g5€&,
is capable of forming only one hydrogen bond, aiA>1- clustered with amines starts decreasing at temperatures

cluster (where water can make bonds only with the acid> 270K, as the evaporation rate from;By-clusters ex-
molecules) should bind with water even less strongly than aceeds the coagulation sink. However, when the amine con-
A. 1Ds1-cluster. This is consistent with the far higher evap- centration increases and exceeds {#], the temperature at
oration rates of water from the ;&A1 W1-cluster than from  which this decrease becomes visible is elevated, because the
the A1D1W1-cluster (see Table 2). Thus, the presence of wa-increasing collision frequency between sulphuric acid and
ter molecules should not significantly affect the evaporationamine molecules fastens the reformation of the evaporated
rates calculated for clusters with more than two sulphuricclusters. In addition to the prevailing concentrations and tem-

acid or amine molecules. perature, the monomer concentration distribution is affected
by RH (Fig. 2c). At temperatures below 270K (or at high
3.2 Sulphuric acid monomer distribution [A1.t0t]), the effect of RH is insignificant as evaporation is not

the main sink for the clustered monomers. At higher temper-

We present first the results acquired with a [DMA] to [TMA] atures, concentration (1] becomes smaller than 4]

ratio of one, and describe in Sect. 3.3.4 how the results¥hen RH exceeds 20%. Above this RH, the proportion of

change if either concentration is higher. A1T clusters continues decreasing with RH while the pro-
As our goal in this study is to model the formation rate Portion of (hydrated) pure acid molecules increases.

of HpSOs-amine-clusters with respect to the sulphuric acid At amine concentrations> 10" cm~3, the fraction of

concentration measured with CIMS (approximated to equal®1D1-clusters s lower than that ofT1-clusters also at tem-

the total sulphuric acid monomer concentration [4]), we  Peratures at which the evaporation rates of both are below
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T=280K,RH =0 (A, ,d=10"cm® RH =0
a) S R— - -
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Fig. 2. Contributions of pure A (solid lines with circles),1A1-cluster (solid lines) and fD1-cluster (dashed lines) to the totap8iOy
monomer concentration A at varying amine concentratior(a) as a function of the total $604 monomer concentratiorfp) as a
function of temperature an@) as a function of relative humidity (RH). Temperatures, RHs and total sulphuric acid monomer concentrations
in the model runs are shown in the panels.

the coagulation sink, and thus the loss rates are equal. Thisnder varying amine concentration with the [DMA] : [TMA]
feature arises from the slight stability difference betweenratio equal to unity.

the A1 T1Wo- and AiD1Wo-clusters: under high amine con- As an overall result, it is notable that all the modelled for-
centrations the AD1(W,)-clusters collide frequently with mation rates are coupled with the concentration# to the
TMA-molecules, and due to the higher stability of the power close to two, as can be seen by comparing them with
A1T1Wo-cluster in comparison with £D;Wp, the formed,  the Ayt collision rate, 45 x 10710.[A 1 1,]?, indicated in
very unstable AD;Ts-cluster evaporates more often DMA Fig. 3 with a solid black line. However, the power of1[ft]
than TMA. Via this mechanism, a significant fraction of with which the formation ratedaog> are connected varies
A1D1-clusters are continuously converted tTA-clusters. slightly from two: e.g.Ja2T2 is steeper than the collision rate
at low values of [A ] and gentler at high [Atwt]. A de-
tailed analysis explaining the deviation of the powers from
two and the decreasing formation ratg&gT, with increas-
ing amine concentrations are given in the following sections.

3.3 Modelled formation rates Jazg2 and the
corresponding coefficientsKaog2

In the following we will consider only the formation rate of 3.3.1 Effect of temperature

AsoBso-clusters,Jaogp, calculated with Eq. (14). The for-

mation rateJazg1 is not presented separately, because theThe ambient temperature has an obvious impact on the
high evaporation rate of A from #1 (see Table 2) does fraction of sulphuric acid monomers being clustered with
not allow the AB1-clusters to grow further before the addi- amines (Fig. 2b). The formation rate of,Byp-clusters is
tion of the second amine. The collisions ofBy with amine  strongly dependent on this fraction, because pure sulphuric
containing clusters are, instead, counteddpg2. The mod-  acid molecules do not form stable dimers. Since the infor-
elled formation rates of clusters with at least twgS®, and mation of the clusterization of the sulphuric acid monomers
amine molecules are presented in Fig. 3 as a function of thés lost when the sulphuric acid concentration is measured
modelled total sulphuric acid monomer concentration{ with the CIMS (see Sect. 2.1.2), the formation rate gBA-
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\ T=280K, RH =0 Despite the qualitatively similar behaviour &fa>T2 and
10 ' ‘ : Ka2p2 in varying concentration and temperature space, there
- are some notable differences between Fig. 4a and b. First

107 of all, the exponential decrease ffaog2 as a function of
temperature is much steeper for TMA than for DMA: for a
10t temperature increase of 30 K the coeffici&npT, decreases
o roughly four orders of magnitude, bitaop2 only about two
0?5 e orders of magnitude. The steep decreask Qft, as a func-
o tion of temperature results from the reversed temperature de-
= " pendencies of the source and the sink effAclusters: the

source decreases with temperature, due to increased evapora-
tion of A1 T1-clusters, whereas the main sink, the evaporation
rate from ATo-clusters, increases. In case ofl®-clusters,
the decrease in the source rate is similar, but the evapora-
: - - - tion from A;D> is smaller than the other sink terms over the
10 10 A J(‘l%’s) 10 whole studied temperature range, and the total sink does not
1o change significantly with temperature.

Fig. 3. The modelled formation rategao>to (solid lines), Jasp2 Another difference between Fig. 4a and b is thalr>

(dashed lines) anda>p111 (solid lines with circles) as a func- is strongly dependent on o] also at high temperatures

tion of the modelled total sulphuric acid monomer concentration (lIn€s corresponding to same [TMA] but different {4y
[A1tof at T =280 K under varying amine concentration with a are separated also &t>300K), whereas the values of

1:1 [DMA]: [TMA]-ratio. The solid black line represents the col- Ka2p2 corresponding to the same [DMA] are not signifi-
lision rate 4.5¢10710cm3s1 . [A1]? calculated for all the cantly different at high temperatures. This difference orig-
H2S0O4 monomers. inates from different outcome of the competition between

the growth and evaporation for differentBy-clusters. Due

to the high stability of AD,, practically all of the formed

AoDo-clusters collide with [A 1ot] before evaporating even
clusters can be expected to be affected by the varying tempeat [A; 1of] = 10° cm~3. On the contrary, a TMA molecule is
ature at a given value of [Aot] comparable to the measured evaporated from most of the A&, clusters before collision
H>SOy concentration. We studied this temperature effectgrowth at temperatures above 290K at all studied concentra-
by inspecting the temperature dependence of the coefficiertions [A; tof]. Consequently, an increase inq4y] increases
Ka2s2, calculated from Eq. (14) aSa2p2 = JAZle[Alqtot]z. the probability of ATo-cluster growth before the evapora-

To get an impression of the temperature and monomer contion of TMA, leading to over an order of magnitude increase
centration dependences of the coefficiekits 2 andKa2p2, in Kaot2 due to an order of magnitude increase in [Al.
we first depict them as functions of temperature in the pres-Thus, at high temperatureggasto ~ [Al,tot]>3.
ence of only one amine (Fig. 4). The crucial factors affect- The values ofKa2p2 are for the most part independent of
ing the value ofKa2p2 are the amine concentration and the [A 1 tof] at high temperatures, but when{fy] reaches values
values of the different sink terms, i.e. the evaporation rate over two orders of magnitude higher than [DMA] (as in the
coagulational sink rate and collision rate of thgBA-cluster blue solid lines with circles in Fig. 4b) the coefficiekia2p2
with sulphuric acid monomers and dimers (either clusteredstarts increasing. With such a large difference in monomer
with amine or not), the latter determining the further growth concentrations, [AD1] becomes higher than [DMA] and
of the ApB,-clusters. thus the collisions between two,B clusters become a sig-

In principle Ka212 and K aop2 behave similarly. If we first  nificant source term fafaop2. The same occurs in the case of
inspect the lowest temperatures in Fig. 4, we can see that thEMA cluster formation as well (blue lines in Fig. 4a). This
collision rate of A tor (~4.5 % 1019c¢mis1) is achieved feature and its significance should be considered with cau-
when the amine concentration is roughly an order of mag-tion, due to the opposite, presumably rapid, evaporations of
nitude higher than [Aiw. The other main feature is the A,B;i-clusters from the resulting#8,-cluster, which are not
decrease oK a2p2 as a function of temperature due to the included in our model (Ortega et al., 2012; more detailed dis-
decreasing proportion of clustered sulphuric acid monomergussion in Sect. 5.1).

(see Fig. 2b). A third similarity betweekiaot2 andK aop2 is

that at the lowest temperatures the values of both coefficient8.3.2 Effect of amine competition

decrease with increasing {Awt]. This decrease in the coef-

ficients Ka2p2 leads to an interesting result: at low tempera- The modelled coefficient& a2p2 related to different ABo-
tures, the formation raté»g> increases slower than quadrat- clusters, when both the amines are present with a concentra-
ically as a function of [A tot], denoted adazg2 ~ [A 1,tot]<2. tion ratio of 1: 1, are depicted as a function of temperature

——[DMAJ=[TMA]=10° cm® ||
— [DMA]=[TMA]=10" cm™
[DMA]=[TMA]=10° cm®
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— TMAJ=10° em® —— [DMAJ=10° cm®
L K 6
10 H e [TMA]=107 omi® “, 10 [DMAJ=10" ™
[TMAJ=10° cm™® ., [DMAJ=10° cm®
*, e e L L
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Fig. 4. The modelled coefficient&»», the ratio ofJ>2 and squared total sulphuric acid monomer concentration, as a function of temperature
for (a) A>To-clusters andb) A>Dy-clusters in cases when only one amine is present. The solid lines correspond te &l frHonomer
concentration [A. tof] = 10° cm~3, the dashed to [Af] = 10’ cm~3and the solid lines with circles to [y = 10% cm™3.

6 .. -3
a) [Amo‘] =10"cm

260 270 280 290 300 310 320

= [DMA]=[TMA]=10% cm™
= [DMA]=[TMA]=107 cm™®
[DMA]=[TMA]=10° cm™®

260 270 280 290 300 310 320
T(K)

Fig. 5. Modelled coefficientK 2, the ratio of />, and squared total sulphuric acid monomer concentration, as a function of temperature
under DMA to TMA ratio 1: 1 (concentrations shown in the legend), when the total sulphuric acid monomer concentratighg4uals to

(@) 10°cm—3s71, (b) 10’ cm™3 s and(c) 108 cm~3s~1. Solid lines correspond t& a»7>, the dashed lines t& 5op2 and the solid lines

with circles toKaop111. The black line shows the collision rate of alh850, monomers.

in Fig. 5, corresponding to [Awt] equal to 16 (Fig. 5a), 16 mation rates/aop2 are dominated by the formation rate of

(Fig. 5b) and 18cm—2 (Fig. 5c¢). clusters with two DMAS,Jaz2p2. The values ofk aop2 at an
Even though the concentration ofiAq-clusters is larger amine concentration ratio:1L are practically the same as

than that of ADj-clusters at RH-0 (see Sect. 3.2), the for- those obtained in the absence of TMA (see Fig. 4b). Atamine
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[A, )= 10" em®, T=300 K or high [A1t0t], Wwhen evaporation is not the main sink for
’ these clusters.

The differences between the coefficieRigypr, Ka2piT1
0T 1 andK a2 become more pronounced with an increasing RH.
The increasing effective evaporation rate of TA clusters
et =63 decreases the formation rates of TA and AD;T; on av-

10y erage by factors of 1.7 and 1.3, respectively, per 20 %-units
e increases in RH. The value &faop2 is practically indepen-

= dent of RH.

XE 14

105 1
‘-“*g‘\, 3.3.4 Effect of varying DMA to TMA ratios
—— [DMA]=[TMA]=10°% cm™®

In order to inspect the effect of varying the [DMA] to [TMA]
ratio we repeated the analysis by setting [DMA] an order of
‘ ‘ magnitude higher or lower than [TMA].
0 20 40 BH 5 60 80 100 The behaviour of the modelled coefficiekihop, in vary-
° ing temperature and concentration space is affected only
Fig. 6. The modelled coefficient& 2, as functions of relative hu-  Slightly by changes in the [DMA] to [TMA] ratio. Even if the
midity (RH). Solid lines correspond t& o7, the dashed lines to ~ concentration of DMA is an order of magnitude lower than
Kaop2 and the solid lines with circles taop171. the TMA concentration, the values of the coefficigftopy
remain almost equal to those in the case of one-to-one amine
concentration ratio at [Awr] = 10° cm~3, and decrease only
by a factor up to four when [f] increases to 1cm=2. If
concentrations below or equal to {4v], the formation rate  jhstead [TMA] is an order of magnitude lower than [DMA],
JazT2 is also very similar to that computed in the absencethe values ofk azps remain the same as in the absence of
of DMA, but when the amine concentrations exceed the sul-T\A at all conditions. On the contrary, the formation rate
phuric acid monomer concentration by over an order of mag-of A, T, clusters is strongly dependent on the amine concen-
nitude the value ofka72 starts to decrease with increas- tration ratio. Similarly to the one-to-one amine concentration
ing amine concentrations at temperatures beto®00K.  ratio, the coefficienk ao72 is practically equal to that in ab-
This feature is caused by a similar conversion mechanisnyence of DMA, as long as the DMA concentration is smaller
to that of converting AD1-clusters to more stable 1A1- than or equal to [At. However, when [DMA] exceeds
clusters via AD1T1. The cluster AD; is ~ 7 kcal mol? [A1tof, the increase of the value d&azt2 With increasing
more stable than AT, whereas the AD1Ti-cluster is less  gmine concentrations first stalls and then starts decreasing
than one kcalmof' more stable than AT, (see Table 1). g [DMA] increases. This decrease at high DMA concentra-
Because the evaporation rate depends on the stability diffeftigns is caused by the higher probability of a™ cluster
ence between the initial and final cluster(s), the evaporategq collide with a DMA molecule than with a sulphuric acid
amine from AD;To-clusters is DMA in~ 22 % of evapora- monomer, leading to a conversion chainTd — A,D1T1
tions, but from AD>T;-clusters DMA is evaporated inonly  _, A,D,, as explained in Sect. 3.3.2. Thus, in comparison
~0.002 % of evaporations. With this mechanisgifAclus- g g [DMA] to [TMA] ratio of one-to-one (Fig. 5a—c), the
ters are converted to®;T; and then to AD by collisions  stalling of Kao12 occurs at an order of magnitude higher
with DMA. The hlgher the amine concentrations iS, the more [TMA] for a ratio 1:10, and with the Opposite concentra-
efficient the conversion. tion ratio at an order of magnitude smaller [TMA]. Con-
The values and the temperature dependence of the coegequenﬂy, at a 101 ratio the values oK ap12 are below
ficient Kazp11 are very similar to those akazr2, the dif- 2, 10-12¢m3 at all the amine concentrations and temper-
ference between the values of these two coefficients nevegtyres. With this amine concentration ratio the value of the

10"l =—[DMAJ=[TMA]=107 cm™®
[DMA]=[TMA]=10° cm™®

exceeding a factor of two. coefficientKaop171 is a factor from 3 to 15 larger than the
value of Kao2 at all conditions. With a [DMA] to [TMA]
3.3.3 Effect of relative humidity ratio of 1: 10 Kaop171 is a factor from 4 to 12 smaller than

Ka212. With both ratios the smallest values Ehop171 COr-
The effect of RH on the values of the modelled coeffi- "€sPpond to the highest amine concentrations. The exponen-

cientsK azg; at total sulphuric acid monomer concentration U@l decrease oKazpit1 with increasing temperature is still
of 107 cm~3 and 300K is presented in Fig. 6. The effect of similar to that ofKa212 and thus clearly steeper than that of

RH arises from the changes in the effective evaporation ratd{A2D2-
from the smallest clusters (see Sect 3.1). Thus, as stated in
Sect. 3.2, the effect of RH is negligible at low temperatures
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3.3.5 Assuming organic vapours can adhere to
AsBs-clusters

As shown in Sect. 3.3.1 the formation rat&sT2, Ja2p1iT1
and Jaop2 are coupled with sulphuric acid concentration to
power between below two and slightly over three, depend-
ing on the temperature and the ratio of1[#] to amine
concentration. With the DACM model we can also investi-
gate the outcomes of the assumption that two sulphuric acid
molecules would be enough to form a cluster capable of -
. . . . = [DMA]=[TMA]=10° cm
growing by collisions with organic vapour molecules. If the 16 s s
concentration of this organic vapour is clearly higher than o _[DMAlleMAlzmg o
. [DMAJ=[TMA]=10° cm
[A1t0t], the growth of the ABy-clusters is no longer strongly : ‘
dependent on [Aw], but rather on the organic vapour con- 260 270 280 72?2) 800 810 820
centration. We studied the changes in the behaviour of the
coefficientsk a2g2 in case where ABy-clusters grow further  Fig. 7. The modelled coefficienk ao» as a function of tempera-
(and do not evaporate back) via collisions with an organicture assuming that the A» and AD4T1-clusters are grown out
vapour of concentration #@m—23, which is well in the range  of the model when colliding with organic vapour molecules at con-
of the typical total atmospheric organic acid concentrationscentration of 18 cm=3. The solid lines correspond to totabHO,
(Chebbi and Carlier, 1996). monomer concentration fxof] = 10° cm=3, the dashed to [Aof]

The organic vapour concentration has a negligible influ-= 10" cm~3 and the solid lines with circles to [y = 10° cm=3.
ence on the values & a2p2, because even without organic
vapours the evaporation of®,-clusters does not signifi-
cantly decrease the formation ratgsp». However, the be-  collisions on the values of the coefficiekhop1T1 IS Similar
haviour of Ka212 and Kazp111 changes if the growth of the  to the above described effect @noTo.
related AB»-clusters can also occur by collisions with abun-
dant organic vapour molecules. In Fig. 7 we have depicted
the values oK a2 at 1: 1 amine concentration ratio result- 4 Comparison of model results with atmospheric
ing from the assumption that the organic vapour can attach observations
to the AT clusters and promote further growth.

The high concentration of an organic vapour attaching toWhen interpreting the comparison of model results and am-
the ApBs-clusters increases the values of the coefficientsbient data, it should be kept in mind that the formation rate of
Ka212 and Kazpit1 by two mechanisms. First, in Fig. 7 2nm patrticles (or 1.5nm particles in case of Hj&i 2003
the value ofKaoT2 does not change when {Aq] increases  and 2005 data) is somewhat lower than the initial particle
from 10° to 10/ cm~3, whereas in the absence of the or- formation rate. This is due to the coagulational losses during
ganic vapour a similar change in {Ay] increased the value the growth of particles up to 2nm (e.g. Kerminen and Kul-
of Ka212 by over an order of magnitude (blue solid lines in mala, 2002). The diameter of theBy-clusters comparable
Fig. 5a—c). As explained in Sect. 3.3.1, the reason for the into the electrical mobility diameters applied in the ambient
crease in the values &faoT2 with [A 1 10t] Was the increasing  data would be roughly 1.2 nm (Ehn et al., 2011).
probability of ApB>-clusters to grow before evaporation. In ~ The measured atmospheric formation rate of 2 nm parti-
the case where abundant organic vapour is mainly responstles (/2nm) is depicted in Fig. 8a as a function of the sul-
ble for the growth of the AB,-clusters, this probability and phuric acid monomer collision rate. The particle formation
thus also the values of the related coefficiekitgsTo become  rate Jonm is in line with the squared sulphuric acid concen-
independent of [Atwt] (elevated values oK aot2 at high  tration especially when the data sets are examined separately.
temperatures and Ao = 10° cm3 seem to result, at least However, the values of the coefficieRitps (see Eq. 2) vary
partly, from the limitations of our model, see Sects. 3.3.1 andsubstantially between the sites and are much lower than the
5.1). A second mechanism affecting the valueXg$to and actual collision rate of two bE5Os monomers, with a median
Kaop1T1 is the diminished impact of the conversion of - value of Kops= 1.4 x 10 13cmis1.
clusters to AD1T1- and further to AD»-clusters. This effect In Fig. 8b we show the values dyps as a function of
becomes less significant as theTA- and AD;Ti-clusters  temperature. In addition to the observed values of the coef-
collide more often with an organic vapour molecule than with ficient Kqps, the values of the modelled coefficierks2p2
a DMA molecule. At amine concentrations equal to the ap-andKazt2 at low amine concentrations are depicted for com-
plied organic vapour concentration,’idn-3, this effect de-  parison. We do not present separately the comparison be-
creases the value dfa>12. The impact of organic vapour tweenKgpsand the sum of all coefficient&azg2, because

12
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3 -1
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Fig. 8. (a) The measured formation rate of 2 nm particl&s{y) as a function of sulphuric acid monomer collision rate. The solid and dashed
lines correspond to the 95th and 5th percentile of the data point specific valliéXe§)- [H 2SOy]2), respectively, leaving 90 % of the data
points between the lines. The collision rate between sulphuric acid monomers is depicted with a dotted lin@) Bhoels the observed
coefficientKgpsas a function of temperature. The solid and dashed lines correspond to the values of the modelled coFffigignésd
Kp2T2, respectively, at amine concentrations of ¢~ (blue lines) and 19cm~3 (green lines), RH= 50 % and [A tof] = 10’ cm3.

this sum differs significantly fronKa2p2 only in case of  for the values 0fKa2p2, Ka212 andKa2piT1 resulting from
1:10 ratio of [DMA] and [TMA], in which case it is prac- the different model runs, with amine concentrations set to a
tically equal toKao12. The atmospheric data set shows, as aconstant value of cm™2.

whole, quite a gentle decrease K§ps with increasing tem- We first compared the variability of the data point-
perature, even gentler than that of the modelled coefficienspecific ratioK obd Ka2s2(T,RH,[A1 10t]) between the differ-

Ka2p2 (least squares fittings to the values KBfps, Ka202
and Ka2T2 at the observed temperatures with-280 K (or
290 K) result in exponential dependenci€s ~ exp; - T)
with aops = —0.08 K1 (—0.09 K1), wpopr = —0.12 K1
(—0.14 K1) andaarto = —0.17 K1 (—0.20 K~1)). How-
ever, steeper decreasesips closer to that ofKao>12 and

ent model runs. The corresponding variability in Fig. 8a,
determined as the ratio of the 95th to 5th percentile of
Kobd Kcoll, is 43 x 10712/6.6 x 10~15 = 650. This variation
decreased when any of the modelled coefficigtitsg, was
applied instead of constarKcq, except when the values
of Kp212 or Kazpi11 from the model runs without organic

Ka2p1T1, Can be seen quite clearly in the Melpitz and SPCvapours were used. In the latter cases the variation factor in-
data, but also in the Beijing and Hygté 2005 data sets. This creased because the formation ralgsro and Jaz2pi71 re-

kind of behaviour might follow from particle formation re-
lated to formation of AT, or AoD1T1-clusters, if the amine

lated to these model runs are associated with a cubed sul-
phuric acid concentration &t>290 K, which is not observed

concentrations were roughly connected to long term mearin the atmospheric data. The smallest value for the variabil-
temperatures. These estimations of the slope are, howeveity, 130, resulted from the modellekiaop2 with a [DMA]

not to be taken as a profound inspection of the behaviour oto [TMA] ratio 1:10 in the absence of organic vapours.
the ambient data. A more detailed analysis remains for futurelThe smallest variabilities related to the modelled coefficients

studies.

Kaot2 or Kpopit1 (360 and 280, respectively) were ob-

Due to the large number of atmospheric data points, we didained with a [DMA] to [TMA]-ratio of 10: 1 in the presence
not make separate model runs matching the atmospheric comf organic vapours growing the 8,-clusters. The smaller
ditions of each data point. Instead, we ran the model withinvariabilities between the observed and modelled formation
ranges that cover all the ambient measurements with reprerates being related tkia2p2 than those related to coefficients
sentative intervals for each quantity — at temperatures fromKa212 or Ka2p1T1 in presence of organic vapours may result
260 to 310K in 5K intervals, at RHs from 0 to 85% in 5% from the assumed constant amine concentration: as the over-
intervals and at total sulphuric acid monomer concentrationsall temperature dependence§ysis closer to that oK a2p2

from 1P to 3.2x 10° cm~23 with intervals of a factor 3.16 (i.e.

(Fig. 8b), the smallest overall variability is also achieved with

10°, 3.16 x 10°, 1P, ...cnT3). The model runs were con- this coefficient. However, this analysis shows that the forma-

ducted with [DMA] to [TMA] ratios 1: 1, 1: 10 and 1Q 1,

tion rates of AT,- or A;D1T1-clusters fail to reproduce the

both in absence and presence of an organic vapour with cormeasured particle formation rates if organic vapours are not

centration 18cm~3 adhering to AB,-clusters. From these
values of modelled coefficient§azs2 we interpolated coef-
ficientsKa2e2(T,RH,[A1.10t]) for the conditions of each am-

let to adhere to these clusters.
Even though the strongest impact on the modelled coef-
ficients Ka2g2 is that of temperature, the different RH de-

bient measurement. The interpolation was made separatelgendencies oK aop2, Ka2t2 and Kazpi71 (see Fig. 6) can
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provide a clue to which mechanism is closest to the atmo-studies have shown that increasing [TMA] increases the par-
spheric observations. To study the RH dependence of the olticle formation rate (Erupe et al., 2011; Yu et al., 2012).
served coefficienKqps, We first need to take into account  In the discussion related to Figs. 4 and 7 we pointed out
the marked impact of the temperature on b&tfpsand RH.  that the values of all coefficient&azg2 increase with the
This was made by scaling the values of the coeffici€sys total sulphuric acid monomer concentrationy 6], at high
to the same temperature with the temperature dependence t§mperatures when [Aq] is orders of magnitude larger than
the modelled coefficient& a2g2. This scaling is functionally  the amine concentration. This feature originates from the in-
equivalent to moving all the data points in Fig. 8b to the samecreasing concentrations of,B1-clusters, which under the
temperature by following the model lines, but now includ- given conditions exceeds the concentrations of gas phase
ing the impact of varying concentrations{f on the tem-  amines, and thus the collisions between twgBA-clusters
perature dependencies Khog2 (See Fig. 4). The numerical contributes significantly to the positive terms Jaze2 (see
comparison of the correlations between RH and the valueg€q. 13). Since the applied cluster energy calculations do not
of the observed coefficient&yps at the measured tempera- cover the resulting 4B»-cluster, the negative terms describ-
ture, as well as those with the temperature scaled to 300 Kng the reverse evaporation are not affected. Ortega et al.,
(K300) are presented in Table 3 for all the sites separately(2012) showed that fD,-clusters evaporate 21-cluster
The logarithmic value oK3gg correlates negatively with RH  (thus forming two AD;-clusters) at relatively high rate (3
at all the measurement sites except Hohenpeissenberg arsd! at 298.16 K). Thus, it seems that the above discussed in-
Atlanta. However, at Atlanta, as well as at Melpitz, the corre- crease in the values @& a2g2 would be less pronounced than
lation is not significant (p-value > 10-°). The values of that seenin Figs. 4, 5 and 7, if the evaporation rates for larger
in K3p0= a-exp(8-RH) from the linear regression fits to the clusters were taken into account. The evaporations of other
K300 values interpolated witlKao2 with organic vapours  A-4D4 clusters resulting in clusters smaller thapDh are
were in the range of-12 to —2.7 at all sites with a signif- slow (< 5x 10~3s 1 at 298.16 K, Ortega et al., 2012). Since
icant correlation except for Hohenpeissenberg. Similar val-A4B2-clusters are formed efficiently only when{] is or-
ues were achieved with othéfaogo-coefficients used for ders of magnitude higher than [B], we may assume that at
interpolation, as well. The linear regression fits to the RH- other conditions the evaporations of the - »>-clusters do
dependencies oKa2p2, Kazt2 and Kazpit1 (see Fig. 6)  not have marked effect on the formation ralep,. How-
result in g-values of 0.033-1.6 and—0.68, respectively. ever, the effects of the corresponding evaporationspm;
Thus, the observed RH dependence suggests that the atmandJa>p111 remain to be evaluated by further studies.
spheric particle formation rate is better associated with the
formation rate of AT,-clusters than with the formation rate 5.2 On the comparison to ambient data
of A;Do-clusters.
We showed that the formation ratdaog, are not always
coupled with the sulphuric acid concentration to the power
5 Discussion of exactly two, but the exponent varies from below two to
greater than three. Values below two are related to the situ-
5.1 On the stability of clusters with three or more acids  ation in which the amine and sulphuric acid monomer con-
centrations are of the same order of magnitude. In this case
We investigated the formation rate opBy-clusters with the  e.g. increasing the sulphuric acid concentration with con-
assumption that the fB»-clusters with DMA or/and TMA  stant amine concentration decreases the proportion of sul-
are capable of growing further when colliding with sulphuric phuric acid monomers being clustered with amines, and con-
acid monomers. Ortega et al. (2012) have presented thewequently the formation rate of,Bo-clusters per sulphuric
retical evidence that this is the case concerning the DMA-acid monomer collisions decreases. The exponent values be-
clusters, but the growth ability of AT>-clusters is not self-  low two were found only for temperatures below 300 K. Ex-
evident. This doubt arises from the fact that the three methyponent values larger than two are possible for the formation
groups in the TMA-molecule leave room for the nitrogen rate Jazp2 only when [Aqg tof] exceeds the amine concentra-
atom to make only one hydrogen bond, whereas the nition by more than two orders of magnitude and the temper-
trogen in DMA can make two hydrogen bonds. Thus, theature is over 290 K. The formation ratégot> and Ja2piTi,
TMA molecules themselves are not capable of binding theinstead, are associated with close to cubed sulphuric acid
third sulphuric acid (or other vapour molecule) to thglA- concentrations when Aqt are the most abundant or only
cluster, but it could attach to the cluster by bonding to thevapours/clusters able to promote further growth gt 4 and
sulphuric acid molecules. On the other hand, the high staA;D;Tj-clusters. If an organic vapour is present in equal or
bility of the A>Tj-cluster, in which one other sulphuric acid higher concentrations than that of sulphuric acid and can at-
molecule is not bound directly to the TMA, shows that also tach to the AB»-clusters, the exponent values of three are
the bond between two sulphuric acids in a base-stabilizedhot encountered. Intriguingly, the range in which the ex-
cluster can be very strong. In addition, some experimentaponent varies agrees with the atmospheric observations of
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Table 3. Numerical comparison of the RH dependencies of the observed coeffi&eatshe measured temperatuié £ Kqpg and when
Koqps is scaled toT =300 K (K = K3gg)- Presented values are the correlation coefficnthe p-value describing the probability of
coincidental correlation of this strength, and the valug @f K = «- exp(8- RH) from linear regression fits. The compared valueX gfg

are scaled to 300 K with the temperature dependence of coeffikigsnt, from the model run with organic vapours, but the correlations
were similar when scaling was done with the temperature dependence of any of the coefigigsis Kao12 or Ka2p1T1-

Site/Campaign K = Kops \ K = K300
R(RH, p(RH, Fittedg in | R(RH, p(RH, Fittedg in
log(K))  log(K)) K ~ePRH/I0 | log(k))  log(K)) K ~efRH/L00
Hyytiala 2003 —0.16  3x10°2 -14| -031 10°° —2.7
Hyytiala 2005 —0.24 3103 -32| -036 3x10°6 —47
Hyytiala 2007 —0.53 3x10°2 —6.7| -074 6x10°48 —-12
Melpitz 027 1x1074 43| -0.04 6x10°1 —0.44
Hohenpeissenberg 0.49 x20°18 5.8 040 910713 45
S. P. Capofiume -0.14 3101 -1.2| -049 5¢<10°° —4.4
Mexico City —0.42 1x10°° -1.7| -069 1x10715 —4.1
Atlanta 034 %1072 6.8 020 21071 4.0
Beijing 0.03 %101 0.15| -039 5<10°7 -3.3
ALL SITES —0.16 210710 -25| -0.30 1x10°31 —4.4

the association between particle formation rate and sulphuri&ops may suggest that on the way from gas phase molecules
acid concentration, as the exponents basing on observatiorie a growing particle the number of clusters with evaporation
are typically from one to two, and in some cases even threerates that effectively decrease the particle formation rate is
However, the exponents of the initial and observed particleprecisely two, regardless of the nature of the actual particle
formation rates are not necessarily the same, but they maformation mechanism. If there were only one cluster whose
change during the growth to the size of the observed particoncentration was remarkably affected by the evaporation,
cles (Korhonen et al., 2011). the decrease would be gentler, similar to thatV/gfp, and

Our model runs were made with three different [DMA] if there were three or more clusters whose concentration de-
to [TMA] ratios, 1:1, 10:1 and 1. 10. These ratios cover creased exponentially with temperature, the decrease in par-
mostly the measured ratios at sites varying from rural toticle formation rate would be steeper. Furthermore, it seems
agricultural and urban areas (Ge et al., 2011). However, ithat the larger of the two clusters, which are strongly affected
should be noted that the measured DMA and TMA concen-by the evaporation rate, needs to be able to grow in collisions
trations do not necessarily describe only the free moleculawith other and more abundant vapours than sulphuric acid:
concentrations, but e.g. the amine molecules clustered witlotherwise the observed particle formation rate would be as-
some acids might also be accounted. This is a similar probsociated with the sulphuric acid concentration to the power
lem to the consideration of whether the CIMS detects thethree rather than two.
A1B1-clusters or not, discussed in Sect. 2.1.2. Furthermore, With the observed temperature and RH dependencies,
in the atmosphere a wide variety of different amines existsthe atmospheric particle formation raleseems to be bet-
and other amines can also play a role in the cluster formater associated with the modelled formation rafgst> and
tion process. In particular, monomethylamine and some ethyJa2>p111 than with Jaop2. However, in order to obtain sim-
lamines have been reported to have concentrations compdar behaviour for coefficientK a2 and Kaopit1 to that
rable to those of DMA and TMA (Ge et al., 2011). They of Kops it is required that the organic vapours are capable
could have a significant effect on particle formation — thoseof condensing on theseoR,-clusters. It is possible that the
with more alkyl-groups due to their strong basicity, and e.g.bonding of organic molecules to clusters of sulfuric acid with
monomethylamine due to its ability to form up to three hy- TMA (or other tertiary amines) could be slightly enhanced by
drogen bonds and thus possibly facilitate the formation ofinteractions between nonpolar alkyl groups of the amines and
larger sulphuric acid-amine-clusters together with other morehe condensing organics. This could at least partially com-
basic amines. pensate for the smaller number of hydrogen bonds formed

The steepness of the decreasing valuesk@pro and per amine.
Kaop111 With temperature results from two cluster types, Regardless the similar trends in the temperature and RH
A1B1 and AB», with evaporation rates that strongly affect dependencies of the observed coeffici&gts and the mod-
the formation rate of AT,- and AD;T;-clusters. The ap- elled coefficientsKaot2 and Ka2piT1, the atmospheric ob-
parent similarity in the decrease of the observed coefficienservations as whole showed milder temperature dependence.

Atmos. Chem. Phys., 12, 9113433 2012 www.atmos-chem-phys.net/12/9113/2012/



P. Paasonen et al.: Sulphuric acid-amine clusters in varying atmospheric conditions 9129

This kind of behaviour could arise, among other reasonspehaviour of coefficient& a2g2 in Ja2s2 = Ka2s2- [Al,tot]z
from a positive correlation between temperature and amines functions of temperature, RH and vapour concentrations.
emissions. Because amines are efficiently emitted from soil We found that the coefficient&azg2 are dependent on
and oceans (Ge et al., 2011), most probably in relation to bithe amine and sulphuric acid concentration, on the ratios be-
ological processes, this type of temperature dependence cdween these concentrations and of the amine concentrations
be expected. This possible association reflects the complexwith each other, as well as on temperature and RH. In the
ity of determining the impact of temperature on atmosphericcase where the amine concentration is an order of magni-
particle formation. There are several processes which mayude higher than [Att] and the temperature is below 270K,
elevate the observed particle formation rate when temperaa large enough fraction of sulphuric acid molecules is clus-
ture increases: in addition to decreasing humidity and pretered with the amines to result in a formation rate close to
sumably increasing amine concentration, increasing temperthe collision rate of A t. Close to collision rate values for
ature elevates the emissions of volatile organic compoundda2g2 were also found at higher temperatures, up to 300K,
(Gunther et al., 1995) which after oxidation grow the freshly under high amine concentrations {0® cm~3).
formed particles (e.g. Riipinen et al., 2011). Thus, even if The temperature dependence of the coefficikiisg,
the particle formation rate did not increase with temperature arising from the exponential increase of the cluster evap-
at least the proportion of formed particles surviving to 2 nm oration rates as functions of temperature, was found to be
size does. With all these factors altering the observed particleery strong. The value of the coefficieRtaop2 decreased
formation rate at higher temperatures, the suppressing effediy roughly an order of magnitude for an increase of 15K in
of temperature itself must be quite strong to result in negativeemperature, because of the increasing evaporation rate from
correlation between the temperature and the coeffidigps the AiDi-cluster. A similar temperature change decreased
the values of the coefficient&a>12 and Kaz2pi11 by two
orders of magnitude, because in addition to evaporation of
A1D1- or A1 T1-clusters the evaporation rates frorp & and
6 Summary and conclusions A,D,Tj-clusters limited the formation rate. The exponential
decrease of the coefficienf§aop2 Started in temperatures
We modelled the formation rate of clusters consisting of twobetween 260 and 310 K. The lowest on-set temperatures for
sulphuric acid and two amine molecules with a kinetic clusterthe decrease were related to low atmospheric sulphuric acid
model (DACM). These clusters are necessary intermediatesoncentrations~ 10° cm~3) together with similar or lower
in the formation of larger sulphuric acid-amine-clusters. If at- amine concentrations, and the on-set temperature increased
mospheric particle formation is a phenomenon related to forwith increasing [A twt] and when the amine concentration
mation of acid-base-clusters, it seems evident that the atmowas orders of magnitude higher than[#]. In addition to
spheric particle formation rate should not exceed the formatemperature, the relative humidity had an impact on the for-
tion rate of these clusters. We applied quantum chemical calmation rates/a2g2. The values of the coefficientsast2 and
culations for determining the evaporation rates for the clus-Ka2p111 decreased with an increasing RH, wheré&agp»
ters of sulphuric acid (A), trimethylamine (T) and dimethy- was not significantly affected by RH. This effect was less
lamine (D) in a temperature range from 260 K to 320 K, pronounced than that of temperature: the steepest decrease
and studied the formation ratdasgo of A>T2-, AoD»- and was obtained foK a2712 which decreased roughly by a factor
AoD4T1-clusters. two when RH increases by 20 %-units.

Our purpose was to perform the modelling with input pa- In addition to the influence of meteorological parameters
rameters as close to atmospheric experimental circumstancesd amine concentration (or the proportion of amine concen-
as possible. As recent experimental @eet al., 2011) and tration to sulphuric acid concentration), we found that the
theoretical (Kurén et al., 2011) studies have suggested, thevalues of Kaog2 are affected directly by the concentration
state-of-the-art instrument for measuring sulphuric acid con-of sulphuric acid. Thus the formation ratésyg, are not al-
centration, Chemical lonization Mass Spectrometer (CIMS),ways associated with sulphuric acid concentration to power
detects the main fraction of #®;-clusters as pure sulphuric of two exactly, but at low atmospherically relevant temper-
acid. We assumed that the same holds faif Aclusters, atures the value of the exponent decreases from two. Even
and thus compared the formation ratégg, with the to-  more intriguingly, at high atmospherically relevant temper-
tal concentration of the sulphuric acid monomers; {4, atures the formation rate&o12 and Jaop1t1 turned out to
calculated as a sum of the concentrations of ADA and be associated with sulphuric acid to the power of three, if
A1T1. We ran the model with At and amine concentrations the sulphuric acid is the only or the main compound grow-
from 1P to 1P cm~3, which likely covers the typical atmo- ing the A;B»-clusters further. Such power law dependencies
spheric conditions, even though direct measurements of thevith exponents higher than two have been reported, e.g. dur-
gas phase amine concentrations are currently not availabléng the hot season in Beijing (Wang et al., 2011).

The effect of meteorological conditions and vapours partic- Finally we made a comparison between the modelled co-
ipating to particle formation was studied by examining the efficients Ka2g2 and the coefficient&ops determined from
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the measurements of particle formation rates and sulphuriSupplementary material related to this article is

acid concentrations conducted in diverse atmospheric condiavailable online at: http://www.atmos-chem-phys.net/12/
tions. WhenKps is plotted against temperature, the overall 9113/2012/acp-12-9113-2012-supplement.pdf

figure has a similar decreasing trend with temperature as that

of Ka2p2. However, at several sites the coefficidtygps ex-

hibited a steeper decrease with increasing temperature, simi-
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