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Abstract: The impact of organic species which are present in the Earth’s atmosphere on
the burst of new particles is critically important for the understanding of the molecular
nature of atmospheric nucleation phenomena. Amines have recently been proposed as
possible stabilizers of binary pre-nucleation clusters. In order to advance the understanding
of atmospheric nucleation phenomena, a quantum-chemical study of hydrogen-bonded
complexes of binary sulfuric acid-water clusters with methyl-, dimethyl- and
trimethylamines representing common atmospheric organic species, vegetation products
and laboratory impurities has been carried out. The thermochemical stability of the sulfuric
acid-amines-water complexes was found to be higher than that of the sulfuric
acid-ammonia-water complexes, in qualitative agreement with the previous studies.
However, the enhancement in stability due to amines appears to not be large enough to
overcome the difference in typical atmospheric concentrations of ammonia and amines.
Further research is needed in order to address the existing uncertainties and to reach a final
conclusion about the importance of amines for the atmospheric nucleation.
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1. Introduction

Aerosol particles formed in the Earth’s atmosphere via nucleation [1,2] influence the Earth’s
climate by affecting cloud properties and precipitation. They play an important role in global climate
changes [3,4] and are responsible for the adverse public health impacts of airborne ultrafine particles,
including various cardiovascular deceases, lung cancer and enhanced mortality rates [5—7]. The
atmospheric nucleation process can be described schematically as nucleation of H,SO4-H,O-X. In
other words, atmospheric nucleation involves sulfuric acid, the key atmospheric nucleation precursor,
water, the dominant constituent of the mixture of condensable vapours in the Earth’s atmosphere, and
something else [8—15]. A perfectly logical question “What else is involved in the atmospheric
nucleation?” has yet to be answered and a consensus on the dominant nucleation mechanism/
mechanisms in the Earth’s atmosphere is yet to be achieved. Since the 1990s ammonia, the most
common base in the Earth’s atmosphere, has been considered as a principle stabilizer of H,SO4-H,O
clusters. The somewhat excessive initial enthusiasm about the ternary homogeneous H,SO4-H,O-NH3
nucleation theory (THN) disappeared, when it was discovered that the widely used THN model [11]
grossly overestimates nucleation rates [12]. Kulmala et al. have revised the original THN model [13],
but the revised model THN predicts negligible THN rates under typical atmospheric conditions. Other
candidate nucleation mechanisms include ion mediated nucleation of H,SO4-H,O-ion (IMN) [10],
nucleation of iodine-containing vapours [14] and organics-enhanced nucleation [15].

It is well-known that atmospheric organic species may be involved in nucleation. The presence of
common organic species in the aerosol particles has been corroborated in a number of observations
[16-23] However, the role of organics in the atmospheric nucleation has long been underestimated or
neglected due to the complexity of laboratory experiments and the absence of theoretical instruments,
which would be able to account for the complex intermolecular interactions occurring in nucleating
vapours. The importance of organic species has been pointed out in the pioneering experiments of
Zhang et al. [15], in which a considerable enhancement in nucleation rates due to organic species has
been observed. The ability of computational quantum chemical methods to provide an adequate
description of molecular interactions in nucleating vapours has been pointed out in Nadykto et al. [24],
in which the classical problem of the ion sign preference established in back 1897 by Wilson [1] has
been solved. Recently, computational chemical studies of atmospheric species have become a focus of
intense activity [24-36]. Although a large number of the computational quantum studies considering
atmospheric clusters has been published within the last five years, only a few are dedicated to the
interaction of common organics with atmospheric nucleation precursors [32,34,35]. The ability of
common low-molecular carboxylic formic and acetic acids to stabilize H,SO4-H>O clusters has been
pointed in our recent work [34]. The conclusion about the importance of organic species for the
stabilization of atmospheric pre-nucleation clusters has been confirmed in independent studies [32,35].

Amines are common atmospheric species originating mainly from vegetation and common
laboratory impurities. The activity of amines as potential nucleation agents has been indicated in a
number of experiments and observations [37—45]. Typically, the atmospheric concentrations of amines
are much lower than those of ammonia; however, a number of sites with high amine concentration
exist in the boundary layer. Angelino ef al. [43] have concluded, based on smog chamber experiments
and field measurements, that amine chemistry plays “a significant role in particle formation in regions
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with high amine concentrations”. Laboratory experiments and quantum chemical calculations of
crystal structures of Murphy ez al. [44] showed that diethylamine is more efficient in catalyzing the
nucleation of nitric acid than ammonia. Observations of Makela et al. [45] have indicated that
dimethylammonium ion, the ionic form of dimethylamine, was present in aerosol particles formed
during nucleation events and/or subsequent particle growth process in Hyytiala, Southern Finland.
Although the potential relevance of amines to nucleation in the Earth’s atmosphere is well-established,
their roles in the gas-to-particle conversion and the extent at which they can affect atmospheric
nucleation rates are unknown. More recently, several experimental studies and reviews concerning the
role of amines in atmospheric nucleation have been published [37-42].

Recently, amines have been proposed as potential stabilizers of sulfuric acid-water clusters [32]. The
conclusion about the potential importance of amines for atmospheric nucleation made in Kurten et al.
[32] is based solely on the RI-MP2/CC2 formation free energies of H,SO4-amine complexes, which
appeared to be more stable than the ammonia bisulfate formed via the NH3; + H,SO4 < (NH3)(H,SO4)
reaction. Although the enhancement in dimerization free energies may be an important indicator of the
stability in simple unitary systems, the stability of complex, essentially multicomponent,
H,S0O4-H,0-amine complexes is controlled by three somewhat competing factors: attachment of the
sulfuric acid, affinity of amines to clusters being formed and hydration. Therefore, no meaningful
conclusion can be reached without a thorough study of the interactions of all three species.

In the present paper, the hydrogen bonded complexes of common amines, methylamine (CH3)NHo,
dimethylamine (CH3),NH and trimethylamine (CH3);N, with sulfuric acid and water have been studied
using the Density Functional Theory (DFT). The properties of mixed dimers, trimers, tetramers and
pentamers have been investigated and a comprehensive thermochemical analysis has been carried out.
The impact of amines on the stability of binary pre-nucleation clusters has been investigated and
possible involvement of amines in the atmospheric nucleation has been discussed.

2. Methods

At the present time, DFT is the only option for studying large clusters due to the enormously large
computational expenses associated with the application of ab initio MP2 and higher level methods [46].
However, the relative importance of different nucleation pathways is primarily related to the difference
in stepwise free energy changes associated with the formation of different types of clusters, which is
predicted by different methods in good agreement with each other. For example, it has been shown
that the difference in binding energies of (H,SO4)(NH;3) and (H,SO4)(H,O) complexes given by
different ab initio and DFT methods, with and without counterpoise corrections, is several times lower
that the difference in the absolute values of the binding energy of (H2SO4)(NH3) or (H,SO4)(H,0)
clusters [47]. In the present study, the initial/generated geometries have been treated using the semi-
empirical PM3 [46] method and then optimized at the PW91PW91/6-31+G* level of theory. The most
stable isomers (within 2 kcal mole™' of the most stable isomer/global minimum) obtained at the
PWI91PW9I1/6-31+G* level have been optimized using the PW91PW91/6-311+G(3df,3pd) method to
obtain the final results. The choice of the computational method is based on the satisfactory
performance of the PW91PWO9I1 [46] on atmospheric clusters, including predicting the Gibbs free
energies, structural characteristics and vibrational spectra in a very good agreement with experiments
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and ab initio studies, and availability of large amount of data for different atmospheric species/clusters
computed at PW91PW9I1/6-311+G(3df,3pd) level of theory for comparison [24-30,34]. The
availability of data for ternary sulfuric acid-water-ammonia clusters computed at the same level of
theory is a very important factor because the assessment of different nucleation pathways, which is
based on the analysis of the reaction free energies computed using the same method, is clearly more
legitimate than that based on the comparison of results obtained at different levels of theory [47].

3. Results and Discussion

Figures 1 and 2 present the equilibrium geometries of the most stable isomers of
(CH3NH2)(H2SO04), (H20)k and [(CH3),NH]m(H2SO4)s(H20)x complexes. The equilibrium geometries
of all the (CH3NH,),, (CH3NH,)3, [(CH3),NH]5, [(CH3),NH]3, (CH3NH,)(H2SOy), [(CH3),NH](H2SOs),
and [(CH3)3N](H2SOy) are in good agreement with the previous ab initio MP2 studies [32,48-50]. A
comparison of geometries of CH3NH,-H,SO4-H,0, (CH3),NH-H,SO4-H,O and (CH3);N-H,SO4-H,O
complexes presented in Figures 1 and 2 reveals a number of similarities. For example, the attachment
of water molecules to both CH3NH; and (CH3),NH occurs without the proton transfer, which is likely
a sign of weak or moderately weak hydration. The interaction of both amines with both the free and
hydrated H,SO4 leads to the deprotonation of the sulfuric acid and transfer of the detached proton
towards NH, and NH groups of CH3NH; and (CH3),NH, respectively. Both amines and sulfuric acid
are present in the binary amine-sulfuric acid and ternary amine-sulfuric acid-water clusters in the ionic
form. The proton transfer and number of ionic structures in the aforementioned clusters depend
strongly on the cluster size and composition. All the mixed dimers, trimers and tetramers at n = 1; 2
and m = 1; 2, which contain less than two amines and water, include single ion pairs CH;NH;" and
HSO4 or (CH3)2NH2+ and HSO, , while tetramers and pentamers with n > 2 and m > 2 contain two
protonoted amine- HSO4 ion pairs.

Figure 1. Equilibrium geometries of the most stable isomers of (CH3NH;)m(H2SO4)n(H20)x
complexes. Distances and angles are given in angstroms and degrees, respectively.
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Figure 1. Cont.
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Figure 2. Equilibrium geometries of the most stable isomers of [(CH3),NH],m(H2SO4)n(H20)x
complexes. Distances and angles are given in angstroms and degrees, respectively.
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Tables 1, 2, and 3 present the key thermochemical properties controlling the thermodynamic
stability: attachment of H,SOs, affinity of amines to clusters being formed, and hydration. As may be
seen from Table 1, the qualitative conclusion about the hydration of amines made based on the
structural data agrees well with the obtained thermochemical data. The hydration of amines is weak,
and, thus, hydrated sulfuric acid-amine clusters are thermodynamically unstable under typical
atmospheric conditions. The above-mentioned conclusion is also applicable to the weakly hydrated
(H2S04)2(CH3NH)(H20) and (H2SO4),[(CH3)NH](H2O) complexes. In contrast, the hydration
of both the (H,;SO4)(CH3NH) and (HSO4),[(CH3);NH], and (H,SO4)>(CH3NH)(H,O) and
(H2S04),2[(CH3)>,NH](H,0) is strong enough to expect the existence of such clusters in the Earth’s
atmosphere. On average, the hydration of amine-sulfuric acid-water complexes is moderately weak
and is close to that of ammonia-sulfuric acid-water complexes, for which the hydration is considered
to be much less important than the attachment of the sulfuric acid and ammonia. As seen from
Tables 2 and 3, the bonding energies associated with attachment of CH3NH, and (CH3),NH to clusters
of identical chemical composition are very close. The difference between them is less than 0.7 kcal mole ™’
on average. The hydration affects the attachment of both sulfuric acid and amines; however, its effect is
weak. The comparison of affinities of amines and ammonia to the pre-nucleation clusters is favorable for
amines because the free energies of [(CH3):NH]y-1(H2SO4), + (CH3)2NH < [(CH3)2NH]m(H2SO4),
reactions are in most cases higher than those of the (NH3)y,-1 (H2SO4), + NH3 < (NH3)n(H2SOq),
reactions. In some cases, the replacement of ammonia with amines leads to a considerable
(up to 2-3.5 kcal mole™') enhancement in the affinity of the sulfuric acid, the key atmospheric
nucleation precursor, to the pre-nucleation clusters.

It is important to note that the enhanced thermodynamic stability does not necessarily imply
stronger stabilizing effects under the real atmospheric conditions. The stabilizing effect is controlled
by two different factors: stepwise Gibbs free energy changes and concentration ratio of amines with
respect to ammonia, which is ~ 10 >~10"" under typical atmospheric conditions [32,37-42]. As it may
be seen from Tables 2 and 3, the difference in formation free energies of (amine)(H,SO4) and
(ammonia-H,>SOy) clusters is ~ 3—4 kcal mole™', which may imply the possibility of the domination of
clusters containing amines over ammonia bisulfate clusters under favorable condition (high
concentration of amines and low temperatures). However, the difference in the free energies of
(amine)(H,SO4) + H,SO4 < (amine)(H,SO4), and (NH3)(H2SO4) + H,SO4 < (NH3)(H2SO4); reaction
underlining the further cluster growth does not exceed ~2.5 kcal mole ' and tends to decrease with
hydration. Another important details are that the free energies of (amine)(H,SO4) + amine <
(amine),(H,SO,) are very small (3.7-4.7 kcal mole ') and that the (amine),(H,SO4) clusters, to which
the sulfuric acid could easily attach, are unstable thermodynamically. Other possible pathways of the
formation of large clusters such as (H,SO4); + amine < (H,SO4)(amine) or (amine), + H,SO4 &
(H2SO4)(amine), are impossible under the atmospheric conditions due to the insufficient stability of
(H2SO4), and amine dimers. The obtained results lead us to conclude that under typical atmospheric
conditions (H2SO4),(amine) formation is the limiting stage of the pre-nucleation cluster formation.
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Table 1. Comparison of changes in enthalpies AH (kcal mole '), entropies
AS (cal mole' K™, and Gibbs free energies AG (kcal mole ™) associated with formation of
(CH3NH2)m(stO4)H(H20)k, ((CH3)2NH)m(stO4)n(H20)k and ((CH3)3N)m(HQSO4)n(H20)k
complexes via hydration with those associated with the formation of (NH3),(H2SO4),(H2O)x
at temperature of 298.15K and pressure of 101.3 KPa.

AH AS AG
CH;NH, + H,0 & (CH;NH),(H,0), ~7.73 ~22.25 ~1.10
(CH;),NH + H,0 < [(CH;),NH],(H,0), ~6.58 ~23.75 0.50
H,S0, + H,0 < (H,S0,),(H,0), ~11.76° ~31.80° 208"
(CH;NH),(H,0); + H,0 < (CH;NH),(H,0), -8.70 —34.42 1.56
((CH;),NH),(H,0), + H,0 & [(CH;),NH],(H,0), -8.77 ~34.74 1.59
(H,S0,),(H,0), + H,0 < (H,S0,),(H,0), ~12.57° ~32.08° ~3.00°
(CH;NH),(H,SO4); + H,0 < (CH;NH), (H,S04),(H20), ~13.02 ~32.50 -3.33
((CH;),NH),(H,S0,), + H,0 & [(CH;),NH],(H,S0,),(H,0), ~12.65 -30.11 -3.67
(NH3),(H2S04), + H,0 < (NH3),(HS0,), (H,0), ~10.96° ~32.03° ~1.41°
(CH;NH),(H,S04),(H,0), + H,0 & (CH;NH), (H,S04),(H,0), ~13.85 ~34.66 -3.52
((CH;)3N);(H2S0,); + H,0 & [(CH3):N],(HS0,),(H,0), ~10.88 -32.51 ~1.19
((CH3);N),(H,S0,),(H,0); + H,0 & [(CH3);NT,(H,S04),(H,0), ~10.74 -32.76 -0.97
((CH3),NH),(H,S0,),(H,0); + H,0 & [(CH;),NH],(H,S0.)(H,0),  —12.66 -36.13 ~1.89
(NH3),(H,S04),(H,0), + H;0 & (NH3), (H,80,),(H,0), ~11.92° ~32.34° —2.28"
(H,S04),(CH;NH), + H,0 & (H,S0.,),(CH;NH), (H,0), ~10.50 ~31.47 ~1.13
(H,S0,):((CH3),NH), + H,0 < (H,SO04),[(CH),NH],(H,0), —9.82 ~30.09 —0.85
(H,S04),(NH3), + H,0 & (H,S0,)2(NH;),(H,0), ~11.68 -31.32 231

“[34].

It is also important to note that the difference in the absolute values of the dimerization free
energies between PW91PWO91 and RI-MP2/CC2 [8] is quite large. The absolute free energies of the
formation (H,SO4)(amine) dimers obtained using these two methods deviate by 1.5-5 kcal mole .
This finding is quite surprising, because in the case of clusters composed of H,SO4, NH3 and H,O the
agreement between PW91PWO91 and RI-MP2/CC2 is very good. RI-MP2/CC2 energies [32] are higher
than those produced by PW91PWO91; however, they were obtained neglecting the Basis Set
Superposition Error (BSSE), which is significant and may reach several Kcal mole . In contrast, the
BSSE at the DET level with large basis sets is very small, and seldom exceed 0.5 kcal mole . This
means that absolute RI-MP2/CC2 reaction free energies [32] would be significantly lower, and thus, in
better agreement with the DFT results in the case, when the BSSE in the previous RI-MP2/CC2
work [32] is corrected. It is important to note that while BSSE affect mainly the absolute
values, the basis set dependency of the MP2 calculations exceeding 6 kcal mole™' in the case of
(CH3)3N + H,SO4 < (CHj3)sN(H,SO4) reaction [32,33] and anharmonic correction are essential
sources of uncertainties in both absolute and relative energies. These uncertainties may significantly
affect the conclusions about the role of amines in the atmospheric nucleation, and, therefore, further
research is needed in order to reach a final conclusion about the importance of amines for
atmospheric nucleation.
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Table 2. Comparison of changes in enthalpies AH (kcal mole '), entropies
AS (cal mole' K™, and Gibbs free energies AG (kcal mole ™) associated with formation of
(CH3NH2)m(stO4)H(H20)k, ((CH3)2NH)m(stO4)n(H20)k and ((CH3)3N)m(HQSO4)n(H20)k
complexes via the attachment of amines with those associated with the formation of
(NH3)m(H2SO04)n(H20)y at temperature of 298.15K and pressure of 101.3 KPa.

AH AS AG

(H,S0,)(H,0) + CH;NH <> (CH;NH),(H,S04),(H,0); 2166 3211 —12.08
(H,S0,)1(H,0), + (CH;),NH & [(CH3),NH],(H,S04):(H,0); 2024 3178  -12.76
(H,S04)1(H:0); + (CHs)sN & [(CH;);NT,(HaSO4) (H20), 1937 3569  —8.73
(H,S0,)1(H,0), + NH; < (NHs),(H>S05),(H,0), ~1591°  -3023'  —6.90°
(H,S04)1(H,0), + CHsNH > (CHsNH),(H>S0.);(H;0), 2294  -3469  —12.59
(H,S04),(H,0), + (CH3)sNH <> [(CH;),NH],(H2S0s):(H20)» 2233 3584  —11.65
(H3S04)1(H,0), + (CHs)sN <> [(CHz)sN]y(HaSO4)1(Ha0)s ~1751  -3637  —6.66
(H,SO4)1(H,0), + NH; < (NHy),(H>SO4) (H,0)s ~1527°  -3049°  —6.18"
(H,SO.),(CH;NH), + CH;NH <> (H,S04),(CH;NH), 1593 —3996  —4.02
(H,S0,),[(CH;),NH], + (CH;),NH > (H,802),[(CH3),NH], 1453 3561 392
(H,SO4)[(CH3)sN] + (CHs):N > (H,SO.),[(CHs):N], —14.18  -3564  —3.56
(H,S0,),(NH,), + NH; < (H,SO4)(NHs), —13.68 2996 474
(H,S04) + CHsNH <> (H,S04),(CHsNH), 3165 4013 —19.69
(H,SO,)> + (CH;),NH & (H,S0,),[(CH3),NH] 3256 4179 —20.10
(H,S05), + NH; & (HaSO4)o(NHs) 25670 —39.68°  —13.83°
(H,S04)»(H,0), + CH;NH & (H,SO4)>(CH;NH), (H20); 2772 3460  —17.40
(H,SO,)»(H,0), + (CH;),NH & (H>S0.),[(CH3),NH],(H,0); 2794  —3489  —17.55
(H3504),(H,0), + NH; < (H2S04)2(NH;), (H,0), -15.9"
(H>SO,)(CHsNH), + CH;NH <> (H,SO4)>(CH;NH), 2013 2886  —11.52
(H,SO),[(CH3),NH], + (CH3),NH & (H,S0,).[(CH;),NH], 2445 3625  —13.64
(H,SO,4),(NH3), + NH; < (H,SO4)(NH), ~18.16  -1987  —8.74
(H,S0,); + CHsNH < (H,S04)s(CHsNH), 3244 3208  -22.88
(H,SO,); + (CH;),NH < (H,S04)s[(CHs),NH], 3163 -30.68  —22.48
(H,SO,); + NH; & (H>SO5)s(NH), 2558 3217 —16.01
CH,NH + CH;NH & (CHsNH), 493 —21.07 135
(CH;NH), + CH;NH ¢ (CH;NH)s 317 2450 4.13
(CHs),NH + (CH3),NH < [(CH3),NH], 28 2358 4.20
[(CH,),NH], + CH;NH <> [(CH,),NH], 383 —32.22 5.77

“1341; ° [30].
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Table 3. Comparison of changes in enthalpies AH (kcal mole "), entropies
AS (cal mole ! K_l), and Gibbs free energies AG (kcal mole_l) associated with formation of
(CH3NH2)m(HQSO4)n(HzO)k, ((CH3)2NH)m(stO4)n(H20)k and ((CH3)3N)m(stO4)n(H20)k
complexes via the attachment of the sulfuric acid with those associated with the formation
of (NH3)m(H2S04)n(H20)i at temperature of 298.15K and pressure of 101.3 KPa.
AH AS AG
—20.40 —31.42 —11.03
CH;NH, + H,SO CHs;NH), (H,SO
sNH; + H;50; & (CH;NH), (H2S04), (-20.87)  (-36.62) (-9.95)
—-21.36 —33.48 —11.38
H;),NH + H H;),NH]; (H
(CHy): 250; & [(CH),:NH], (H:504), (—24.73)  (-37.14) (~13.66) —7.28*
—20.58 —33.61 —10.56
H;);N + H H;);N|;(H
(CHs); 2S04 & [(CH;);N]i(H2SO4), (=26.01) (=36.08) (—15.26)
NH; + H,S0, < (NHs), (H,SO0.), -16.72° -30.01° 777
(CH;NH)(H,0) + (H,SO4) < (CH;NH), (H,SO4), (H;0), ~25.69 ~13.91 ~13.26
[(CH3),NH],(H,0); + (H,SO,) <
—27.43 —39.84 —15.55
[(CH;),NH], (H>SO4), (H20),
(CH;NH), (H,0), + (H,S0.) < (CH;NH), (H,S0.); (H,0), -30.83 —41.91 ~18.34
[(CH3),NH]; (H,0), + (H2SOy) &
—-31.32 —41.23 —19.02
[(CH3),NH], (H,SO4), (H,0),
(H,S0,)1(CH;NH), + H,SO4 & (H,S04),(CH;NH), —27.42 —44.17 ~14.25
—27.36 —43.77 —14.30
H,SO CH;),NH], + H,SO H,SO CH;),NH
(H2SO4)1[(CH3)NH]; 250, & (H2S04),[(CH;),NH], (~32.70) (~44.97) (-19.29)
(H,SO.)1[(CH3)sNT, + HoSO4 < (H2S04)2[(CH3)sN] —22.88 —41.79 -10.41
(H,S04):(NH;), + H,SO4 < (H,S04)2(NHs), -25.11° ~45.14° ~11.65°
(HzSO4)1(CH3NH)](H20)1 + HzSO4 (=1
2491 —43.14 —12.05
(H504),(CH;NH), (H,0),
(H,SO.); [(CH3),NH)],(H,0), + H,S0, <
—24.54 —43.76 —-11.49
(H2SO4),[(CH3),NH],(H,0),
(H,S0,)1(NH;),(H,0); + H,S0, < (H,S04), (NH3),(H,0), —25.83 —44.42 ~12.59
(H,S04); (CH;NH), + H,S0, < (H,S04),(CH;NH), -31.62 ~33.06 -21.76
(H,SO,)1[(CH3),NH], + H,SO, < (H2S04)2[(CH3),NH]» ~37.28 —44.41 —24.04
(H,S04); (NH;), + H,SO4 <>(H>S04)2(NH;), ~29.59 ~46.77 ~15.66
(H,S0,):(CH;NH), + H,SO, & (H,S04)5(CH;NH), ~17.05 -35.39 ~6.50
(H,S04),[(CH;),NH], + H,S0, < (H,S0.)s[(CH;),NH], -15.33 -32.34 ~5.69
(H,S04):(NH;), + H,SO4 & (H,804)5(NHs), ~16.20 -35.93 ~5.49

*[341:* [33]; () [321.

4. Conclusions

In the present paper, the hydrogen-bonded complexes of binary sulfuric acid-water clusters with

methylamine, dimethylamine and trimethylamine—common atmospheric organic species, vegetation

products and laboratory impurities, have studied using the computational quantum methods. The

present study shows that amines form strongly hydrogen-bonded complexes with the pre-nucleation

sulfuric acid-water clusters. The replacement of ammonia with amines leads to a moderately large

enhancement in the stabilization of pre-nucleation clusters and sulfuric acid- pre-nucleation clusters
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bonding energies. However, the difference in the formation free energies between the critically
important (H,SO4)(amine) + H,SO4 < (H2SO4)2(amine) and (H,SO4)(NH3) + HaSO4 < (H2SO4)2(NH3)
reactions is not large enough to account for the large (a factor of 10%-10° [37-42]) difference in
atmospheric typical concentrations of amines and ammonia. This leads us to a logical conclusion that
under atmospheric conditions the formation of (H,SO4)(amine) is a limiting stage. This indicates that
under typical atmospheric conditions the stabilizing effect of amines is unlikely to exceed that
of ammonia.

We also found that the difference in the dimerization free energies between the present
study and earlier work [32] is considerable. There exist several sources of uncertainties, the
basis set dependency of the MP2 calculations, which exceeds 6 kcal mole ' in the case of
(CH3)sN + HySO4 < (CH3)3N(H2SO4) reaction [32,33], the vibrational anharmonicty, moderately
large BSSE in the MP2/CC2 study [32] and possible problems of the PW91PW91 method in
describing the hydrogen bonding. The aforementioned uncertainties directly affect the conclusions
about the importance of amines for the atmospheric nucleation. It is important to note the qualitative
conclusions appear to be quite sensitive to moderately large differences between -calculated
thermodynamic data of the present study and Kurten er al. [32]. While the present more
comprehensive study concludes that the presence of amines does not enhance the cluster stability
enough to overcome a concentration difference (in favour of ammonia) of around 2-3 orders of
magnitude, the predictions of Kurten et al. [32], which are based on the dimerization free energies
only, leads to the opposite conclusion. In contrast to [32], the recent experimental study [37] shows
that in the case of trimethylamine the threshold [H,SO4] needed to produce the unity nucleation rate
([H2SO04] of 10°-10" cm™) and the number of precursor molecules in the critical cluster
(nH,SO4 = 4-6; n”TMA = 1) are surprisingly similar to those found in the ammonia (NH3) ternary
nucleation study [51]. At lower RH some enhancement in nucleation rates due to trimethylamine was
observed; hovewer, its value was up to an order of magnitude only. The recent experimental study [37]
agrees with our theoretical results and supports our conclusion that under typical atmospheric
conditions the stabilizing effect of amines is unlikely to exceed that of ammonia. Further computations
using the high level ab initio or compound methods taking both the BSSE and anharmonic correction
into accounts are needed to address these issues and to clarify the role of amines in the
atmospheric nucleation.
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