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We  comment  on  a study  by Nadykto  et  al.  recently  published  in  this  journal.  Earlier  work  from  our  group
has  been  misrepresented  in  this  study,  and  we feel  that  the  claims  made  need  to  be  amended.  Also  the
analysis  of Nadykto  et al.  concerning  the  implications  of their  own  density  functional  calculations  is
incomplete.  We  present  cluster  formation  simulations  allowing  more  conclusions  to  be drawn  from  their
data, and  also  compare  them  to  recent  experimental  results  not  cited  in  their  work.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nadykto et al. [1] present Gibbs free energies of formation from
ensity functional calculations for hydrates of the H2SO4 · DMA
nd (H2SO4)2 · (DMA)1−2 clusters incorporating up to five water
olecules. This is a useful addition to their earlier publication

2], where they presented data for the first two  hydrates of these
lusters. They also seem to have re-evaluated some of the earlier
ublished clusters, although this is not explicitly stated.

A major fraction of the article is devoted to a critique of an earlier
tudy by Paasonen et al. [3] and of the quantum chemistry methods
sed by Paasonen et al. [3] and Loukonen et al. [4]. The conclusion
f Nadykto et al. that different quantum chemical methods may
ive even qualitatively different Gibbs free energies of formation
or some clusters is by no means new and surprising, and has in fact
een discussed on several occasions both by Nadykto et al. [2] and
ur group [5,6]. By now, a number of far more extensive compar-
sons involving a large number of different methods are available,

hich found both the PW91 method used by Nadykto et al. and

he B3LYP//RI-CC2 method used by our group to be unsatisfactory
7,8].

∗ Corresponding author.
E-mail address: oona.kupiainen@helsinki.fi (O. Kupiainen-Määttä).

ttp://dx.doi.org/10.1016/j.cplett.2015.01.029
009-2614/© 2015 Elsevier B.V. All rights reserved.
While the conclusion that different methods sometimes pre-
dict different results is entirely uncontroversial, Nadykto et al. have
misrepresented and misquoted our work to an extent that we  feel
impelled to make a number of clarifications. Also, some conclusions
drawn by Nadykto et al. seem unsupported and misleading, which
is why  we present results of cluster formation simulations using
the quantum chemical data of Nadykto et al.

2. Misrepresentation of earlier studies

Nadykto et al. state that our group [3] has developed an ATHN
(apparently standing for Amine Ternary Homogeneous Nuclea-
tion) theory. We  certainly do not claim to have developed a new
nucleation theory, but rather have presented a series of sim-
ulations probing how the particle formation rate depends on
different factors such as base concentration, relative humidity
(RH), temperature or the identity of the base (dimethylamine vs.
trimethylamine).

According to Nadykto et al. we conclude that the clusters are
not hydrated. On the contrary, we state clearly that most of the
H2SO4 · DMA  clusters are hydrated [3]. However, in some simula-
tions we  assumed that the hydration of larger clusters does not

have a strong impact on particle formation rates, as hydration
energies for those clusters were not available at the time. These
have, however, been calculated later, and cluster formation simu-
lations [9] confirm that, according to our quantum chemical data,

dx.doi.org/10.1016/j.cplett.2015.01.029
http://www.sciencedirect.com/science/journal/00092614
www.elsevier.com/locate/cplett
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2015.01.029&domain=pdf
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Figure 1. Simulated steady-state cluster formation rate J1.3 at 278 K as a function of
RH,  using the quantum chemical data of Nadykto et al. [1] (solid lines) and Almeida
08 O. Kupiainen-Määttä et al. / Chem

ydration does not have a strong effect on particle formation rates
n the sulfuric acid/DMA system. A more detailed study of the com-
uted hydrate distributions can be found in Ref. [10].

Several details related to the computational chemistry methods
sed by Paasonen et al. [3] and Loukonen et al. [4] are presented

ncorrectly. It should be noted that, despite the unfortunate word-
ng of Ortega et al. [11] where the term ‘locally developed method’
riginates from, the combination of geometry optimizations and
requency calculations at one level with single-point energy calcu-
ations at a higher level is a standard approach in computational
hemistry, see for example [12]. Neither of the individual methods
sed by us (B3LYP/CBSB7 for geometry optimizations and fre-
uencies and RI-CC2/aug-cc-pV(T+d)Z for electronic energies) are

locally developed’ – the only choice we have made is to combine
hese two standard methods. Especially B3LYP/CBSB7 is extremely
ell established and tested, as it is the method used for geometry

nd frequency calculations in the common CBS-QB3 combination
ethod. The RI-CC2 method is admittedly less ‘conventional’ for

ingle-point energy calculations, as it is primarily developed for
xcitation energies – we originally chose it because it represented
he highest level of electron correlation at that time available in the
ost-effective Turbomole program suite. However, as CC2 repre-
ents a (minor) improvement on the well-established MP2  method,
he criticism of Nadykto et al. is excessive. Furthermore, in the study
y Loukonen et al. [4], the single-point energy is calculated using
he RI-MP2 method, not the RI-CC2 method as claimed by Nadykto
t al. Paasonen et al. [3] and later studies (e.g. [9]) do not use scaling
actors, ‘unconventional’ or otherwise.

The statement of ‘variations in the stepwise hydration free ener-
ies [being] 7–10 kcal/mol’ in Ref. [4] is misleading. Of the stepwise
ydration free energies only two are between 7 and 8 kcal/mol
ut none are in the range 8–10 kcal/mol, and also the changes
etween consecutive stepwise hydration energies are mostly less
han 7 kcal/mol. The values allegedly taken from Ref. [3] that are
resented in Fig. 6 of Nadykto et al. [1] deviate somewhat from the
alues published in the original study. They also seem to be incor-
ect in Fig. 5 of Nadykto et al. [1], which, however, remains unclear
ue to the form of their presentation.

. Incomplete analysis of the data

In Fig. 3 of their article, Nadykto et al. [1] examine the hydrated
raction of each cluster type as a function of relative humidity. As
oth H2SO4 · DMA and (H2SO4)2 · DMA  do indeed get hydrated to a
onsiderable extent at atmospheric conditions, they infer that the
resence of water affects cluster formation. The analysis made in
heir paper is, however, insufficient to determine how hydration
ffects cluster and particle formation.

Figure 1 of this Comment presents the RH dependence of the
imulated steady-state formation rate of clusters containing at least
hree sulfuric acid and two  DMA  molecules using the thermochem-
cal data of Nadykto et al. [1]. This formation rate is, from here
n, denoted as J1.3, as the (H2SO4)3 · (DMA)2 cluster has a mobility
iameter of about 1.3 nm.  The simulation is similar to that pre-
ented in Ref. [9], and a detailed explanation can be found there. The
nly difference is that since in the case presented here the growth
roceeds in some conditions mostly by addition of single (possibly
ydrated) acid and base molecules, the (H2SO4)3 · (DMA)2 cluster is
ssumed to be the smallest stable cluster, while in the simulations
ased on our data in Ref. [9] the clusters grew mostly by addition
f H2SO4 · DMA  · (H2O)1−5 clusters and the criterion for particle for-

ation was set to be the formation of (H2SO4)3 · (DMA)3 clusters.
s a comparison, we present also simulation results using our ther-
ochemical data but the same formation criterion as for the data

f Nadykto et al.
et  al. [9] (dashed lines), and the simulation methods described in Ref. [9]. The vapor
concentrations are [H2SO4] = 5 × 106 cm−3 and [DMA] = 3 ppt (circles), 15 ppt (trian-
gles), 100 ppt (pentagrams) and 750 ppt (asterisks).

From the simulations presented in Figure 1, it can be concluded
that according to the data of Nadykto et al. [1] hydration certainly
has an effect on cluster formation – it inhibits it effectively. This,
perhaps surprising, behavior is explained by the fact that accord-
ing to the quantum chemical data of Nadykto et al. [1], while the
(H2SO4)2 · DMA  and, to some extent, (H2SO4)2 · (DMA)2 clusters
are hydrated, hydration does not stabilize them with respect to
evaporation of hydrated sulfuric acid molecules and H2SO4 · DMA
clusters, but rather increases their effective evaporation rate. (The
effective collision and evaporation rates are calculated as weighted
averages of the corresponding rates of individual hydrates over the
equilibrium hydrate distributions; see [3] for more details.) Our
thermochemical data also predicts an increase in effective evapo-
ration rates of the (H2SO4)2 · (DMA)1−2 clusters due to hydration.
However, even the hydrated clusters are predicted to be so sta-
ble that the increase in collision rates due to increased cluster size
dominates the overall effect of hydration on the cluster formation
rate J1.3.

Nadykto et al. continue by analyzing the equilibrium concen-
trations of sulfuric acid–DMA clusters to assess the impact of DMA
on sulfuric acid cluster formation. For the understanding of par-
ticle formation, this is, however, of limited value: if clusters are
formed, they are not in equilibrium but at most in a steady state.
The equilibrium cluster distribution can be very different from the
steady-state distribution relevant to the atmosphere and especially
to new-particle formation. The only situation where small clusters
may  exist in something resembling an equilibrium distribution is
when the vapor concentrations are so low that the formation of
larger clusters is negligible, and also external losses are so low that
their effect on the cluster distribution can be neglected.

Furthermore, instead of evaluating the relative concentrations
of H2SO4 · (DMA)0−2 clusters with different DMA content, the abso-
lute steady-state concentration of clusters containing two H2SO4
molecules and any number of DMA  molecules at varying DMA  vapor
concentrations would be a more informative measure for the effect
of DMA  on cluster formation.

4. Comparison to experiments

Though lamenting the lack of relevant experimental studies,
Nadykto et al. fail to mention the recent measurements of sulfu-
ric acid–DMA cluster formation presented by Almeida et al. [9] and

Yu et al. [13].

In a flow-tube experiment, Yu et al. [13] observed a strong
enhancement of the cluster formation rate at 1 nm (J1) due to
humidity at a sulfuric acid concentration of 4 × 106 cm−3 and a
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MA concentration of 756 ppt (Supplementary Fig. S3b of that
aper). Although these results cannot be directly compared to the
teady-state particle formation rates presented in Figure 1, the
xperimentally observed strong enhancement suggests that hydra-
ion might in fact stabilize sulfuric acid–DMA clusters with respect
o evaporation, in addition to increasing the collision frequencies.
nother option might be that hydration of small clusters enhances

heir detection efficiency. Similar experiments have also been per-
ormed with other bases such as TMA  [14] and ammonia [15]. When
wo different particle counters were used for measuring particle
ormation at varying concentrations of sulfuric acid, ammonia and
ater vapor, one instrument showed a strong enhancing effect

f relative humidity on particle concentrations, while the other
howed no effect of relative humidity at high ammonia concen-
rations (Figs. 10a and 10b of Ref. [15]). It should therefore be kept
n mind that the effect of water vapor on particle formation can-
ot be described by a single number, but instead depends on the
etails of the experimental setup [15] and the concentrations and

dentities of other compounds participating in the particle forma-
ion [13–15]. In any case, the strong inhibiting effect of humidity
redicted by the thermochemical data of Nadykto et al. seems to
e in contradiction with the experimental findings of Yu et al.

Almeida et al. [9] used the CLOUD chamber at CERN to study
he formation rates of 1.7 nm clusters (J1.7) as well as concentra-
ions of neutral clusters containing two H2SO4 molecules (and an
nknown number of DMA  and H2O molecules) at different sulfuric
cid and DMA vapor concentrations and a constant relative humid-
ty of 38%. We present here a comparison of the thermochemical
ata by Nadykto et al. [1] with these experimental findings, and
ith our thermochemical data [9]. It should be noted that the sim-
lation results corresponding to our cluster energies differ slightly
rom those presented in Ref. [9], since we use here the same set
f clusters and the same formation criterion as for the simulations
ith the data of Nadykto et al. Specifically, we have now left out the

lusters with three and four sulfuric acid molecules as well as all
harged clusters, but have on the other hand included the hydrates,
hich were only used in one test simulation in Ref. [9].

Figure 2 shows the measured formation rates J1.7 of sulfuric
cid–DMA clusters together with simulated formation rates J1.3
sing quantum chemical data from both Nadykto et al. [1] and

lmeida et al. [9]. The experimental formation rates were measured

n the presence of ions produced by ambient background radiation
t a rate of 4 ion pairs/(cm3 s), but the effect of ions was  concluded
o be negligible based on the measurements.
Figure 3. Comparison of measured (big open symbols, [9]) and simulated (lines with
small filled symbols) concentrations of clusters containing two H2SO4 molecules.
See  Figure 2 for the explanation of the symbols. The relative humidity is 38%.

Some qualitative agreement can be seen between the measured
formation rates and simulations based on the thermochemical data
of Nadykto et al. [1], although the DMA  dependence seems to be
overestimated by the simulations. The simulations based on our
cluster energies, on the other hand, capture the weak DMA  depend-
ence but overestimate the value of the cluster formation rate.

However, the simulated formation rate corresponds to neutral
clusters with a mobility diameter of approximately 1.3 nm, and
therefore cannot be directly compared to the experimental rate. As
clusters between 1.3 nm and 1.7 nm may  evaporate back to smaller
sizes or be lost by deposition on walls before reaching the diameter
of 1.7 nm,  the formation rate of 1.7 nm-diameter particles is likely
to be somewhat lower than the formation rate of 1.3 nm particles.

A more direct comparison between experiments and simula-
tions can be achieved by examining the concentration of clusters of
the type H2SO4 · (DMA)0−2 · (H2O)0−5. As DMA and water molecules
evaporate during the detection of the clusters, only a sum over all
clusters containing two H2SO4 molecules can be obtained from the
measurements.

Figure 3 presents a comparison of measured and simulated
steady-state concentrations of these neutral two-acid clusters.
Here the cluster formation energies presented by Nadykto et al. [1]
fail to reproduce the experimental findings – the simulated cluster
concentrations are too low by up to a factor of approximately 100,
suggesting that binding of the clusters is underestimated by the
PW91 functional used by Nadykto et al.

5. Conclusions

We have here corrected a number of misrepresentations in the
recent Letter by Nadykto et al. [1] criticizing our earlier work.
We have also presented some cluster formation simulations using
the thermochemical data published by Nadykto et al. and shown
that they predict a hindering effect of relative humidity on cluster
formation. Furthermore, we have shown that although cluster for-
mation rates predicted based on their data match reasonably well
with experiments done at the CLOUD chamber, the stability of clus-
ters containing two  H2SO4 molecules is severely underestimated
compared to experimental findings.

Qiu and Zhang [16] have recently reviewed the literature on
amine-enhanced aerosol nucleation, and concluded that for the
smallest particle sizes, amines enhance particle formation, but the
mechanism for this enhancement is at present unknown. On the

other hand, Ge et al. [17] have reviewed tens of studies measuring
concentrations of different amines in the atmosphere, and found
wide variation in the concentrations between different measure-
ment sites. While a lot of work has thus already been done, we
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