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Abstract

:

Synergistic effects between different bases can greatly enhance atmospheric sulfuric acid (SA)-base cluster formation. However, only the synergy between two base components has previously been investigated. Here, we extend this concept to three bases by studying large atmospherically relevant (SA)   3  (base)   3   clusters, with the bases ammonia (A), methylamine (MA), dimethylamine (DMA), trimethylamine (TMA) and ethylenediamine (EDA). Using density functional theory— ω B97X-D/6-31++G(d,p)—we calculate the cluster structures and vibrational frequencies. The thermochemical parameters are calculated at 29,815 K and 1 atm, using the quasi-harmonic approximation. The binding energies of the clusters are calculated using high level DLPNO-CCSD(T   0  )/aug-cc-pVTZ. We find that the cluster stability in general depends on the basicity of the constituent bases, with some noteworthy additional guidelines: DMA enhances the cluster stability, TMA decreases the cluster stability and there is high synergy between DMA and EDA. Based on our calculations, we find it highly likely that three, or potentially more, different bases, are involved in the growth pathways of sulfuric acid-base clusters.
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1. Introduction


Atmospheric aerosol particles have ubiquitous effects on our global climate, by scattering sunlight away from the surface of the Earth [1] and acting as seeds for cloud formation [2]. Based on modelling studies, up to half the number of formed cloud condensation nuclei (CCN) are believed to be formed from atmospheric new particle formation (NPF) [3]. Vapour molecules with strong intermolecular interactions can form molecular clusters in the atmosphere via hydrogen bond formation or ionic interactions. Small clusters can continuously form and break-up, and their survival to larger sizes depends on the attachment of additional molecules [4]. When reaching a certain size, the cluster contains enough intermolecular interactions to suppress the evaporation of its components, leading to NPF.



Sulfuric acid (SA) is known to be an essential component in NPF in many regions [5], but, additional stabilizing compounds are required to facilitate the cluster formation process. Abundant atmospheric bases such as ammonia (A) are considered a principal stabilizer of sulfuric acid clusters [6,7,8,9], but sulfuric acid–ammonia cluster formation cannot by itself explain observed NPF events [10]. Stronger, less abundant bases such as amines have been shown to efficiently stabilize sulfuric acid clusters [11]. Currently, more than 150 amines have been detected in the ambient atmosphere [12,13]. The simple alkylamines such as methylamine (MA), dimethylamine (DMA) and trimethylamine (TMA) [13,14,15,16,17,18,19] and diamines, such as ethylenediamine (EDA), putrescine and cadaverine, have been shown to significantly enhance SA-base NPF compared to ammonia [20,21,22,23].



Electrically neutral SA-base clusters have been shown to be most stable when consisting of an equal amount of acids and base molecules–(SA)   n  (base)   n  [24,25]. Clusters with one more acid than base molecule—(SA)    n + 1   (base)   n  —are generally more stable than the corresponding clusters with one more base than acid molecule—(SA)   n  (base)    n + 1   . In most cases, the cluster formation pathways follow a mechanism that alternately adds an SA and a base molecule. For systems that are strongly bound, collisions between clusters and the (SA)   1  (base)   1   dimer are also involved in the growth. This implies that the (SA)   n  (base)   n   clusters are usually involved in the cluster formation pathway leading to NPF. Furthermore, it has previously been demonstrated that the (SA)   3  (base)   3   clusters have low evaporation rates, even when consisting of weaker bases such as A or MA [25]. Hence, the (SA)   3  (base)   3   clusters or larger, can generally be considered stable under tropospheric conditions (218.15–298.15 K).



The potency of SA-base cluster formation has, in many cases, been correlated with the basicity of the clustering base [25,26]. However, recent evidence suggests that there is a synergistic effect between different bases compounds, such as the SA-A-DMA system, leading to enhanced NPF rates compared to the isolated SA-A and SA-DMA systems [27,28,29]. However, at the moment, the concept of base synergy in SA-driven cluster formation has only been elucidated using two bases compounds. Here, we extend this concept to three bases to explore the potential tri-base synergy in SA-base clusters. To represent clusters that are relevant for the formation pathways leading to NPF in SA-base clustering we herein study the (SA)   3  (base)   3   cluster systems. We study all combinations of tri-base clusters with the bases ammonia (A), methylamine (MA), dimethylamine (DMA), trimethylamine (TMA) and ethylenediamine (EDA).




2. Methods


2.1. Computational Details


The Gaussian 16 program [30] suite was employed for all semi-empirical and density functional theory calculations, applying the Gaussian 09 default convergence criteria to allow comparison with the existing data in the Atmospheric Cluster DataBase (ACDB) [31]. Domain based local pair natural orbital DLPNO-CCSD(T   0  ) [32,33] single point energy calculations were calculated using the ORCA 4.2.1 program [34,35], with a TightSCF convergence. Vibrational frequencies with low wavenumbers can be a significant source of errors when calculating the vibrational entropy using the harmonic oscillator approximation. Using the Goodvibes [36] program, we applied the quasi-harmonic approximation [37], where the entropy contribution for vibrations below 100 cm    − 1    cutoff are calculated with the formula for the rotational entropy instead. The final binding free energies are calculated at the DLPNO-CCSD(T   0  )/aug-cc-pVTZ// ω B97X-D/6-31++G(d,p)level of theory. This level of theory has previously been recommended for studying atmosphere molecular clusters [38,39], based on extensive benchmarks on atmospheric relevant cluster systems [40,41,42].



The configurational sampling of the cluster structures is performed based on well-established protocols [27,43,44] and is similar to our recently applied workflow [45,46]:


     ABCluster →  PM 7  → sort → DFT → restart → sort → DLPNO     








In the ABCluster calculations, we sampled the clusters using both neutral as well as anionic and cationic monomers, to simulate bond breaking in the clusters. We only allowed a single proton transfer from sulfuric acid to the bases, leading to four different protonation states by either having neutral monomers or 1–3 proton transfers. Including different monomer protonation states in the sampling leads to a much more elaborate exploration of the potential energy surface of the clusters. When different bases could act as proton acceptors, the base with the highest basicity was protonated. For each protonation state of the clusters we saved 1000 local minima, leading to 4000 PM7 calculations for each cluster system. After the PM7 optimization we pair-wise sort the cluster configurations and remove duplicates based the on root mean square deviations (RMSD) between atomic positions. We applied the ArbAlign [47] program to align the cluster configurations and configurations are treated as unique if the structures have a RMSD above 0.38 Å. This value is based on previous experience with sulfuric acid-water clusters [48] and might be a bit strict for the much more strongly bound SA-base clusters studied here. Unique conformations were subsequently optimized, and vibrational frequencies were calculated at the  ω B97X-D/6-31++G(d,p) level of theory. It was confirmed that there were no imaginary frequencies after the  ω B97X-D/6-31++G(d,p) calculation. The DFT calculations were restarted up to three times, due to a to poor initial starting geometry from the PM7 calculations, to lead to full convergence of the majority of the configurations. After the DFT calculations the clusters are again sorted based on RMSD. In case of the (SA)   3  (EDA)   3   system, we obtained too many different configurations (1125) to sort all the structures directly, as very few duplicates existed. Based on the free energy ordered configurations, we divided the set of clusters into three different subsets. Each subset was then individually sorted and combined afterwards. While unlikely, this implies that we might have a few cluster configurations between the different subsets that are identical. Finally, DLPNO-CCSD(T   0  )/aug-cc-pVTZ single point energies are calculated on top of the DFT geometries for the five lowest free energy cluster configurations.




2.2. Tri-Base Synergistic Effects


We previously described a synergistic effect between two cluster components as thermochemistry that lead to a highly non-additive behaviour with synergy factor   Γ  j , k    between component j and k defined as [45,46]:


      Γ  j , k   = Δ  G  bind , i ⋯ j , k , ⋯ , n   −    Δ  G  bind , i ⋯ j , j , ⋯ , n   + Δ  G  bind , i ⋯ k , k , ⋯ , n    2   .     



(1)




In this formulation, the synergy factor corresponds to the difference in free energy (in kcal mol    − 1   ) between a cluster that consists of components   j ,   k   compared to the average of the corresponding clusters that consist of   j ,   j   and   k ,   k  . A negative synergy factor indicates a synergistic effect (a decrease in the binding free energy), while a positive synergy factor indicates a dyssynergistic effect (an increase in the binding free energy). Here, we extend this concept to three components   j ,   k ,   l   and calculate the tri-base synergy factor   Γ  j , k , l    as follows.


      Γ  j , k , l   = Δ  G  bind , i ⋯ j , k , l , ⋯ , n   −    Δ  G  bind , i ⋯ j , j , j , ⋯ , n   + Δ  G  bind , i ⋯ k , k , k , ⋯ , n   + Δ  G  bind , i ⋯ l , l , l , ⋯ , n    3   .     



(2)




Similarly to the two component cases, the   Γ  j , k , l    synergy factor corresponds to the difference in free energy (in kcal mol    − 1   ) between a cluster that consists of components   j ,   k ,   l   compared to the average of the corresponding clusters that consist of   j ,   j ,   j   and   k ,   k ,   k   and   l ,   l ,   l  .





3. Results and Discussion


3.1. Cluster Structures


We studied (SA)   3  (base)   3   clusters, with five different bases (ammonia (A), methylamine (MA), dimethylamine (DMA), trimethylamine (TMA) and ethylenediamine (EDA)). Applying the sampling methodology outlined above we identified a total of 5140 unique cluster structures. Figure 1 presents the identified lowest free energy (298.15 K and 1 atm) cluster structures at the  ω B97X-D/6-31++G(d,p) level of theory.



The (SA)   3  (A)   3  , (SA)   3  (MA)   3   and (SA)   3  (DMA)   3   clusters have previously been studied in the literature, while (SA)   3  (TMA)   3   and (SA)   3  (EDA)   3   clusters are new. Compared to the clusters available from the Atmospheric Cluster Database (ACDB) [31], we here identify an (SA)   3  (A)   3   cluster and an (SA)   3  (MA)   3   cluster which are 1.25 and 1.10 kcal mol    − 1    lower in free energy, respectively. We identified the same lowest free energy (SA)   3  (DMA)   3   cluster as the one in the ACDB. The fact that we identify the same or lower free energy cluster structures compared to previous studies further validates the configurational sampling approach applied in this work.



In all clusters, we observe a proton transfer from sulfuric acid to each base, effectively yielding bisulfate-ammonium/amminium cluster structures. For the weaker bases (A, MA) and EDA, we observe 1–2 vacant S–OH hydrogen bond donor groups at the exterior of the clusters. Despite having two available proton acceptor groups, we do not observe sulfate ion formation in the (SA)   3  (EDA)   3   clusters. This is in contrast to previous studies of diamines with a longer carbon atom linker between the amino groups, such as putrescine [22]. For the very strong bases (DMA and TMA) the most favourable cluster structure has a bisulfate core, where all S-OH hydrogen bond donors are involved in bisulfate-bisulfate interactions. In the (SA)   3  (DMA)   3   cluster the base molecules link the bisulfate units via the S=O acceptor groups. This linkage is not possible in the (SA)   3  (TMA)   3   cluster, as there is only a single hydrogen bond donor available in TMA. In the (SA)   3  (TMA)   3   cluster we also observe S=O ⋯ H–C weak interactions with the hydrogen atoms from the methyl groups in the TMA molecules.



For the mixed base clusters, we only identify vacant S-OH groups in clusters that either have A or MA present. For most clusters containing EDA, the additional amine group preferentially forms an intramolecular interaction instead of further interacting with the bisulfate ions. Such secondary intramolecular interactions have previously been identified in sulfuric acid–diamine clusters [21]. For all the mixed base clusters containing TMA, the TMA molecule resides at the periphery of the cluster, only interacting via one strong N-H donor and 1–2 weak S=O ⋯ H-C interactions.




3.2. Thermochemistry


The thermochemistry of the (SA)   3  (base)   3   clusters was calculated at the DLPNO-CCSD(T   0  )/aug-cc-pVTZ// ω B97X-D/6-31++G(d,p) level of theory. We applied the quasi-harmonic approximation where vibrational frequencies below 100 cm    − 1    were calculated using the rotational partition function instead of the vibrational partition function. Table 1 presents the calculated binding free energies (  Δ G  ), binding enthalpies (  Δ H  ) and binding entropies (  Δ S  ). The free energies were calculated at 298.15 K and 1 atm, corresponding to tropospheric conditions at the surface. The free energy can easily be re-calculated at any atmospheric temperature under the assumption that   Δ H   and   Δ S   do not change considerably with temperature. Table 1 also tabulates the calculated free energy at the tropopause corresponding to roughly 10 km and a temperature of 218.15 K. The classifications, weak (w), medium (m) and strong (s), refer to the gas-phase basicity of the bases in the clusters, based on the work by Hunter et al. [49].



As cluster formation is accompanied by a decrease in both   Δ H   and   Δ S  , the free energies will be lower at lower temperatures, leading to more stable clusters. This is consistent with the binding free energies reported in Table 1. The following discussion will be based on the free energies calculated at 298.15 K and unless otherwise specified. For the (SA)   3  (base)   3   clusters, with a single type of base, the thermochemistry to some extent follow the gas-phase basicity of the bases, except for the (SA)   3  (TMA)   3   cluster. We observe the following ranking of the cluster binding free energies (in kcal mol    − 1   ): (A)   3   (−51.5) < (TMA)   3   (−64.8) < (MA)   3   (−66.0) < (EDA)   3   (−74.4) < (DMA)   3   (−75.5). It was recently shown for the (SA)   1  (base)   1   dimer clusters that (SA)   1  (TMA)   1   (  Δ G = − 12.6   kcal mol    − 1   ) was slightly more stable than (SA)   1  (DMA)   1   (  Δ G = − 11.5   kcal mol    − 1   ) [45]. However, for the (SA)   2  (base)   2   clusters the stability switches such that the (SA)   2  (DMA)   2   cluster (  Δ G = − 44.0   kcal mol    − 1   ) is more stable than the corresponding (SA)   2  (TMA)   2   cluster (  Δ G = − 41.5   kcal mol    − 1   ) [45]. This trend is further illustrated herein by the calculated low stability of the (SA)   3  (TMA)   3   cluster (  Δ G = − 64.8   kcal mol    − 1   ) compared to the (SA)   3  (DMA)   3   cluster (  Δ G = − 75.5   kcal mol    − 1   ). The low stability of the (SA)   3  (TMA)   3   cluster can be understood from the lack of available hydrogen bond donors in TMA, as seen from the emerging weak S=O ⋯ H-C interactions. The (SA)   3  (EDA)   3   cluster (  Δ G = − 74.4   kcal mol    − 1   ) is found to be close in stability to the (SA)   3  (DMA)   3   cluster, with a difference of only 1.1 kcal mol    − 1   . This is in contrast to the recent finding for the smaller (SA)   2  (base)   2   clusters, where the (SA)   2  (EDA)   2   cluster was found to be 2.2 kcal mol    − 1    higher in free energy compared to the (SA)   2  (DMA)   2   cluster [45]. This could indicate that as the clusters become larger, diamines might further improve the stability of the cluster. This makes sense from a structural perspective, as attachment to a larger cluster will lead to less strain in the carbon backbone of the diamines.



The mixed clusters containing ammonia are seen to have the following ranking in binding free energy (in kcal mol    − 1   ): (A)   1  (MA)   1  (TMA)   1   (−62.3) < (A)   1  (TMA)   1  (EDA)   1   (−63.2) < (A)   1  (MA)   1  (EDA)   1   (−64.2) < (A)   1  (MA)   1  (DMA)   1   (–65.2) < (A)   1  (DMA)   1  (TMA)   1   (−65.6) < (A)   1  (DMA)   1  (EDA)   1   (−68.4). Again we see the general trend of clusters containing TMA being less stable, except when a DMA molecule is also present. The (SA)   3  (A)   1  (DMA)   1  (EDA)   1   cluster is significantly (∼3 kcal mol    − 1   ) more stable then the remaining clusters containing ammonia.



The stability of the remaining mixed clusters have the following ranking in the binding free energies (in kcal mol    − 1   ): (MA)   1  (DMA)   1  (TMA)   1   (−70.7) < (MA)   1  (TMA)   1  (EDA)   1   (−71.0) < (DMA)   1  (TMA)   1  (EDA)   1   (−72.2) < (MA)   1  (DMA)   1  (EDA)   1   (−73.3). All four clusters are relatively close in stability, but some trends are possible to deduce. Again, having both DMA and EDA in the cluster leads to the highest stability. Similarly, having TMA present generally leads to a slight decrease in the stability. The high stability when having both DMA and EDA present in sulfuric acid clusters was also observed previously for the smaller (SA)   2  (DMA)   1  (EDA)   1   clusters [45]. This is consistent with the calculated free energies in Table 1. For instance, it is seen that the clusters that consist of both DMA and EDA are in all cases some of the most stable ones. Overall, it is still found that DMA leads to the most stable clusters. While the calculated free energies are lower at lower temperatures, the above stability rankings were generally found to be independent of whether the free energy was calculated at 298.15 K or 218.15 K.



To look further into the thermochemistry of the mixed base clusters, we can calculate the tri-base synergy factors using Equation (2). Table 2 presents the calculated synergy factors at the DLPNO-CCSD(T   0  )/aug-cc-pVTZ// ω B97X-D/6-31++G(d,p) level of theory using the quasi-harmonic approximation, at 298.15 K and 218.15 K at a reference pressure of 1 atm.



We see very little difference in whether the synergy factors were calculated at 298.15 K or 218.15 K. Hence, in the following we will only discuss the 298.15 K results. In all cases, we see a synergetic effect between the base components, except for the (SA)   3  (A)   1  (TMA)   1  (EDA)   1   cluster. The synergy factors range from   − 2.6   to   0.3   kcal mol    − 1   . The lowering of the free energy of the clusters compared to the average of the isolated systems, indicates that it is likely that some of the clusters will exist with multiple bases present. The synergy factor also gives insight into how favourable it is to exchange base types. For instance, due to the very low stability of the (SA)   3  (TMA)   3   clusters, the clusters containing TMA have favourable synergy factors. Hence, the synergy factors indicate that sulfuric acid-base clusters could likely contain a mix of different bases.



As also illustrated by the discussion above, the thermochemistry does to some extent (except for TMA) follow the classifications, that is, the basicity of clustering bases. For instance, clusters which consist of one weak, one medium and one strong base (the w,m,s classification) exhibit thermochemistry with similar values, from −62.3 to −65.2 kcal mol    − 1   . Exchanging the medium (MA) base with a strong base (DMA,TMA,EDA) from w,m,s to w,s,s increases the stability slightly, with binding free energies in the range from   − 63.2   to   − 68.4   kcal mol    − 1   . Exchanging the weak base for a medium base from w,s,s to m,s,s is seen to further increase the stability of the clusters with binding free energies in the range from   − 70.7   to   − 73.3   kcal mol    − 1   . Hence, in general the cluster stabilities follow the classifications, but we can set up a few fundamental additional guidelines for the thermochemistry of the (SA)   3  (base)   3   clusters:




	
Clusters containing DMA have the highest stability;



	
Having TMA present generally leads to a slight decrease in the cluster stability;



	
There is high synergy between DMA and EDA.








The potential to form strongly bound sulfuric acid-base clusters can be attributed to three different contributions: (1) the basicity of the base [14]; (2) the hydrogen bond capacity of the base [50] (i.e., how many N-H donors); and (3) sterical hindrance [27]. This is in excellent agreement with the outlined guidelines. DMA has a perfect balance between all these components, while TMA suffers due to a low hydrogen bond capacity. The diamine EDA shows high synergy due to an increased hydrogen bond capacity due to its two amino groups. In general, steric hindrance in sulfuric acid clusters can be expected to be small, but might have an influence if, for instance, some of the sulfuric acid molecules were exchanged with methanesulfonic acid (MSA) [51]. These guidelines for the thermochemistry can be visualized by plotting the calculated free energies of the clusters (at 298.15 K, 1 atm) as a function of the sum of gas-phase basicities of the constituent bases (see Figure 2).



The fact that the thermochemistry to some degree follows the classification of the clusters allows us, as a rough approximation, to use the thermochemistry presented in Table 1 for unknown (SA)   3  (base)   3   cluster systems, while also keeping the above guidelines in mind. A similar conclusion was previously found for the smaller (SA)1–2(base)1–2 cluster systems [45], but for the smaller clusters thereno significant synergy between the clustering bases was observed.





4. Concentrations


While the thermochemistry provides some information about the cluster compositions, we also have to take the concentration of the clustering species onto account. The equilibrium concentration of a (SA)   3  (base)   3   cluster is given by:


      [   ( SA )  3    ( base )  3  ]  =  [  base ( 1 )  ]   [  base ( 2 )  ]   [  base ( 3 )  ]    [ SA ]  3  exp  −   Δ G   R T    .     



(3)




Here,   Δ G   is the binding free energy of the (SA)   3  (base)   3   cluster, R is the gas constant and T is the temperature. Here we will use the weakest bound (SA)   3  (A)   3   cluster system as a reference. That is, we will see how much the mixed base clusters enhance the cluster equilibrium concentration compared to the corresponding ammonia clusters. Dividing by the concentration of (SA)   3  (A)   3   clusters, we obtain:


       [   ( SA )  3    ( base )  3  ]   [   ( SA )  3    ( A )  3  ]   =   [  base ( 1 )  ] [  base ( 2 )  ] [  base ( 3 )  ]    [ A ]  3   exp  −   Δ Δ G   R T    ,     



(4)




where   Δ Δ G   is the free energy difference between a given (SA)   3  (base)   3   cluster and the (SA)   3  (A)   3   cluster. We will use the following representative mixing ratios for the concentrations of the different species: A (10 ppb), MA (100 ppt), DMA (10 ppt), TMA (10 ppt) and EDA (10 ppt). These values correspond to the high limit applied in our recent work [45,46]. As the sulfuric acid ammonia system has been shown to be very dependent on ions, the (SA)   3  (A)   3   concentration can be expected to be significantly underestimated from our calculations compared to the experimental results. Experimentally, it has been determined that SA-DMA is three orders of magnitude more efficient in forming new particles compared to SA-A. Hence, we rescaled the results such that this ratio between the concentration of SA-A and SA-DMA clusters is correct. Table 3 presents the scaled relative cluster equilibrium concentrations compared to the (SA)   3  (A)   3   cluster.



As cluster growth pathways of sulfuric acid-base systems usually involve the clusters with a 1:1 ratio of acids to bases, it can be assumed that the (SA)   3  (base)   3   clusters are most likely involved in the formation of new particles. As the SA-DMA system is known to form stable clusters at the kinetic limit [52], we can use the relative concentration of (SA)   3  (DMA)   3   as an indicator for systems that might be involved in NPF. We see that all the studied systems are below the relative concentration of the (SA)   3  (DMA)   3   cluster. However, the (SA)   3  (MA)   1  (DMA)   1  (EDA)   1   and the (SA)   3  (EDA)   3   cluster systems are within a factor ∼10 of the (SA)   3  (DMA)   3   cluster system. While this is inferred evidence, it could indicate that these cluster systems will have a non-negligible contribution to the cluster formation pathways under ambient atmospheric conditions and thereby might contribute to NPF. Similarly, we see that the (SA)   3  (A)   1  (DMA)   1  (EDA)   1  , (SA)   3  (MA)   1  (DMA)   1  (TMA)   1  , (SA)   3  (MA)   1  (TMA)   1  (EDA)   1   and (SA)   3  (DMA)   1  (TMA)   1  (EDA)   1   cluster systems are within a factor ∼100 of the (SA)   3  (DMA)   3   system. Hence, these systems might also make a minor contribution to the formation pathways of the sulfuric acid-base clusters.



Interestingly, we see that the concentration of the (SA)   3  (TMA)   3   clusters is more or less equal to the (SA)   3  (A)   3   cluster system. As SA and A alone cannot explain the observed new particle formation rates, it is very likely that TMA clusters by themselves do not contribute significantly to NPF. However, TMA might still contribute to the overall cluster formation pathways as the very initial (SA)   1  (TMA)   1   cluster is very stable [45] and TMA is included in some of the mixed base clusters. Based on these findings, it is highly likely that numerous different bases are involved in NPF in the ambient atmosphere.




5. Conclusions


We have investigated (SA)   3  (base)   3   cluster formation, with the bases ammonia (A), methylamine (MA), dimethylamine (DMA), trimethylamine (TMA) and ethylenediamine (EDA), with a focus on identifying potential synergistic effects between the bases. We identify that the cluster stability primarily depends on the basicity of the constituent bases with the following trends: DMA enhances the cluster stability, TMA decreases the cluster stability and there is high synergy between DMA and EDA. Hence, it might be worth further investigating the competing effects of DMA and TMA in larger mixed SA-DMA-TMA clusters. Furthermore, larger cluster SA-DMA-EDA cluster systems should also be investigated.



Based on both the calculated thermochemistry and relative cluster equilibrium concentration estimates, it is clear that there is a synergistic effect between the three bases in the clusters. Hence, for sulfuric acid-base clusters, it is very likely that mixed base clusters with three, or potentially more, bases are involved in the cluster formation pathways. Therefore, quantum chemical studies of sulfuric acid-base clusters involving more than two bases warrant further attention and should be extended to larger systems to allow detailed cluster kinetics modelling.
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Figure 1. The identified lowest free energy cluster structures (at 298.15 K and 1 atm) at the  ω B97X-D/6-31++G(d,p) level of theory. 
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Figure 2. Correlation between the basicity of the clusters and the calculated binding free energies (at 298.15 K, 1 atm). The red circle indicates that TMA is present, the green circle includes DMA and includes both DMA and EDA. 
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Table 1. Calculated binding free energies (at 298.15/218.15 K, 1 atm) of the (SA   3  )(base)   3   clusters at the DLPNO-CCSD(T   0  )/aug-cc-pVTZ// ω B97X-D/6-31++G(d,p) level of theory using the quasi-harmonic approximation.   Δ  G  298.15 K    ,   Δ  G  218.15   K     and   Δ H   are in kcal mol    − 1   .   Δ S   are in cal mol    − 1    K    − 1   . The classifications refer to the base strength, with w = weak, m = medium and s = strong.
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	Classification
	    Δ  G  298.15 K      
	    Δ  G  218.15 K      
	    Δ H    
	    Δ S    





	(A)   3  
	w,w,w
	−51.5
	−66.6
	−107.9
	−189.2



	(MA)   3  
	m,m,m
	−66.0
	−82.0
	−125.5
	−199.7



	(DMA)   3  
	s,s,s
	−75.5
	−92.2
	−137.9
	−209.2



	(EDA)   3  
	s,s,s
	−74.4
	−92.1
	−140.4
	−221.5



	(TMA)   3  
	s,s,s
	−64.8
	−82.0
	−128.7
	−214.2



	(A)   1  (MA)   1  (DMA)   1  
	w,m,s
	−65.2
	−81.0
	−124.2
	−198.0



	(A)   1  (MA)   1  (EDA)   1  
	w,m,s
	−64.2
	−80.7
	−125.6
	−205.8



	(A)   1  (MA)   1  (TMA)   1  
	w,m,s
	−62.3
	−78.2
	−121.4
	−198.4



	(A)   1  (DMA)   1  (EDA)   1  
	w,s,s
	−68.4
	−84.9
	−130.0
	−206.8



	(A)   1  (DMA)   1  (TMA)   1  
	w,s,s
	−65.6
	−82.0
	−126.5
	−204.3



	(A)   1  (TMA)   1  (EDA)   1  
	w,s,s
	−63.2
	−79.7
	−124.6
	−205.8



	(MA)   1  (DMA)   1  (TMA)   1  
	m,s,s
	−70.7
	−87.6
	−133.7
	−211.4



	(MA)   1  (DMA)   1  (EDA)   1  
	m,s,s
	−73.3
	−90.1
	−135.9
	−209.9



	(MA)   1  (TMA)   1  (EDA)   1  
	m,s,s
	−71.0
	−88.0
	−134.2
	−211.9



	(DMA)   1  (TMA)   1  (EDA)   1  
	s,s,s
	−72.2
	−89.4
	−136.1
	−214.3
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Table 2. Calculated tri-base synergy factors (at 298.15/218.15 K, 1 atm) of the mixed (SA)   3  (base)   3   clusters at the DLPNO-CCSD(T   0  )/aug-cc-pVTZ// ω B97X-D/6-31++G(d,p) level of theory using the quasi-harmonic approximation. Data are presented in in kcal mol    − 1   .
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	298.15 K
	218.15K





	   Γ  A , MA , DMA    
	−0.8
	−0.7



	   Γ  A , MA , EDA    
	−0.3
	−0.5



	   Γ  A , MA , TMA    
	−1.5
	−1.3



	   Γ  A , DMA , EDA    
	−1.2
	−1.3



	   Γ  A , DMA , TMA    
	−1.7
	−1.7



	   Γ  A , TMA , EDA    
	0.3
	0.5



	   Γ  MA , DMA , TMA    
	−1.9
	−2.2



	   Γ  MA , DMA , EDA    
	−1.3
	−1.3



	   Γ  MA , TMA , EDA    
	−2.6
	−2.6



	   Γ  DMA , TMA , EDA    
	−0.7
	−0.6
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Table 3. Calculated scaled relative cluster equilibrium concentration compared to the (SA)   3  (A)   3   cluster.
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	Relative Concentration





	(MA)   3  
	1.1 × 10    − 1   



	(DMA)   3  
	1.0 × 10   3  



	(EDA)   3  
	1.5 × 10   2  



	(TMA)   3  
	1.5 × 10    − 5   



	(A)   1  (MA)   1  (DMA)   1  
	2.6 × 10    − 1   



	(A)   1  (MA)   1  (EDA)   1  
	5.3 × 10    − 2   



	(A)   1  (MA)   1  (TMA)   1  
	2.0 × 10    − 3   



	(A)   1  (DMA)   1  (EDA)   1  
	5.8



	(A)   1  (DMA)   1  (TMA)   1  
	5.7 × 10    − 2   



	(A)   1  (TMA)   1  (EDA)   1  
	1.0 × 10    − 3   



	(MA)   1  (DMA)   1  (TMA)   1  
	2.8



	(MA)   1  (DMA)   1  (EDA)   1  
	2.4 × 10   2  



	(MA)   1  (TMA)   1  (EDA)   1  
	5.1



	(DMA)   1  (TMA)   1  (EDA)   1  
	4.0
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