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Abstract

:

Nitric acid (NA) has recently been found to enhance sulfuric acid (SA)-driven new particle formation (NPF) at low temperatures (≤240 K). However, studies on the role of NA in atmospheric NPF remain limited. Herein, we explored the enhancement effect of NA on binary SA–methylamine (MA) nucleation by investigating the mechanism and kinetics of (NA)x(SA)y(MA)z (0 ≤ x, 0 ≤ y, x + y ≤ 3, 0 ≤ z ≤ 3) clusters using quantum chemical calculations and cluster dynamics simulations. We found that the mixed ternary NA-SA-MA clusters have lower evaporation rates compared to the corresponding NA-SA–dimethylamine (DMA) and NA-SA–ammonia (A) clusters, indicating the stronger binding ability of NA with respect to SA-MA clusters. At atmospheric conditions (T ≥ 278.15 K), NA can enhance the cluster formation rate of SA-MA by about six orders of magnitude, demonstrating a surprisingly high enhancing potential. Moreover, NA acts as an important participant in the cluster growth pathways of the NA-SA-MA system, as opposed to the “bridging” role of NA in the previously studied NA-SA-A system. This study proposes the first case of NA efficiently enhancing SA–amine nucleation at ambient temperature, suggesting a larger impact of NA in atmospheric NPF than previously expected.
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1. Introduction


Atmospheric particulate matter poses a serious threat to global climate and air quality [1,2,3,4,5,6]. New particle formation (NPF) plays a pivotal role as an important contributor to atmospheric particulate matter, which can contribute over 50% of the global aerosol budget [1,2,3,4,5,6,7,8,9,10,11,12]. Therefore, a comprehensive understanding of NPF is essential for evaluating the impacts of particulate matter and devising effective control strategies.



The most important nucleation precursor of atmospheric NPF is thought to be sulfuric acid owing to its exceptionally low volatility and strong acidity [3,6,13,14,15,16,17,18,19,20,21,22,23,24]. Atmospheric bases, such as ammonia (A, NH3) and amines, can efficiently nucleate with SA via acid–base proton transfer reactions and the formation of hydrogen bonds [3,6,13,14,18,19,25,26,27,28,29,30,31]. Despite large differences in concentrations, amines have been found to more efficiently enhance SA particle formation compared with A [13,14,24,28,32]. However, the binary SA–base nucleation mechanisms fall short of explaining the high rates of NPF observed under realistic atmospheric conditions [33,34,35]. This implies that other potential gaseous precursors may participate in and further enhance binary SA–base nucleation.



Nitric acid (NA, HNO3) is an abundant inorganic acid in the troposphere, with a broad variety of sources and a wide range of distributions [36,37,38,39,40,41,42]. The tropospheric concentration of NA can be up to 1 × 1012 molecules cm−3, significantly exceeding that of SA by a factor of four to seven orders of magnitude [40,43,44,45]. Considering the high atmospheric abundance of NA, some recent investigations have concentrated on the enhancing effect of NA on SA–base nucleation [46,47,48,49,50,51]. Wang et al. and Liu et al. pointed out that NA can effectively enhance both SA-DMA and SA-A nucleation at low temperatures (≤240 K), but NA had a negligible enhancing effect at temperatures commonly encountered in the atmospheric boundary layer (280 K) [46,47,48]. In addition, Knattrup et al. found that NA can increase the cluster formation rate by studying mixed-acid–mixed-base clusters containing at most one NA molecule [49,50]. Amines cover a wide variety of species in the atmosphere with different basicities and structures, implying that the enhancing effect of NA may be different for different SA–amine systems. However, except for DMA and A, the enhancement effect of NA on SA–other amine nucleation has not been studied in detail, which hinders a comprehensive assessment of the role of NA in NPF processes. Therefore, it is essential to explore the enhancing effect of NA on SA–other amine nucleation in detail.



Methylamine (MA) has a higher global emission than DMA and a stronger basicity than A [52]. In addition, MA has the structural characteristics of a lower steric hindrance than DMA and the capability of forming one more hydrogen bond. Previous studies have shown that basicity, hydrogen-bonding capacity and steric hindrance jointly influence the clustering ability of a given amine with acids [53,54,55,56]. This implies that the enhancing effect of NA on SA-MA nucleation is not easy to predict simply based on the enhancing effect of NA on the previously studied SA-DMA and SA-A systems. Here, we conducted a systematic investigation of NA’s enhancing effect on SA-MA nucleation by exploring the thermodynamics and kinetics of the ternary NA-SA-MA system using quantum chemical calculations with simulations using the Atmospheric Cluster Dynamic Code (ACDC) [57]. Additionally, we chose the previously studied NA-SA-DMA and NA-SA-A systems as references to analyze and compare the enhancing role of NA in these three systems [47,48].




2. Materials and Methods


2.1. Configurational Sampling


Similar to our previous studies [53,58,59,60], a multi-step sampling approach was utilized to explore the most stable configurations of the clusters in the ternary NA-SA-MA system, including (NA)1-3(MA)1-3 and (NA)x(SA)y(MA)z (1 ≤ x, 1 ≤ y, x + y ≤ 3, 1 ≤ z ≤ 3) clusters. The configurations of the remaining clusters in the ternary NA-SA-MA system ((SA)0-3(MA)0-3 and homomolecular (NA)1-3) were derived from previous research [48,61]. In order to obtain the most stable configurations, the ABCluster program was first employed to generate 6000 initial guess structures for each cluster type [62,63]. The CHARMM36 force field was applied for the simulation of all molecules in the ABCluster program. Based on the initial guess structures, four sequential calculation steps were performed to gradually screen for the global minimum. The specific details of the multi-step sampling approach and the employed calculation methods are presented in Appendix A. In brief, the configuration exhibiting the lowest Gibbs free energy value (G) was identified as the most stable configuration for a given cluster type. The binding free energy (ΔG) was derived from the subtraction of the individual G of the constituent monomers from the overall G of the studied cluster at a temperature of 298.15 K. All calculations utilizing the PM6 and ωB97X-D methods were performed through the GAUSSIAN 09 software [64], while the DLPNO-CCSD(T)/aug-cc-pVTZ computations were carried out by the ORCA 4.0.0 software [65]. In addition, all the cluster configurations for the ternary NA-SA-DMA and NA-SA-A systems, as reported in earlier research [47,48], were adopted and subsequently recalculated at the theoretical levels utilized in the current investigation.




2.2. Atmospheric Cluster Dynamics Code Simulations


ACDC was utilized to investigate the time evolution of cluster concentrations and growth pathways. For more details about the theory behind ACDC, see Appendix A [57,66]. Here, the simulated ternary NA-SA-MA system can be characterized as a “3 × 3” box involving (NA)x(SA)y(MA)z (1 ≤ x, 1 ≤ y, x + y ≤ 3, 1 ≤ z ≤ 3), (NA)0-3(MA)0-3 and (SA)0-3(MA)0-3 clusters. The choice of boundary clusters was guided by their stability at the specific temperatures examined, as detailed in Appendix A. Within the simulations, the SA concentration [SA] was fixed in the range of 106 to 107 cm−3, the NA concentration [NA] was adjusted between 108 and 1012 cm−3, and the MA concentration [MA] was set between 108 and 109 cm−3, which values correspond to their usual ambient concentrations [3,24,39]. The simulations were conducted at 238.15 K to 298.15 K, and the coefficient for the coagulation sink was established at 2 × 10−2 s−1, which corresponds to the typical value for polluted urban atmospheres [3]. As a comparison, the NA-SA-DMA and NA-SA-A systems were also simulated, with the DMA concentration [DMA] between 108 and 109 cm−3 and the A concentration [A] at 1010 cm−3. The simulation system for both the NA-SA-DMA and the NA-SA-A systems also consisted of a “3 × 3” box, and the selection of the boundary clusters can be seen in Appendix A. All other conditions were set the same as those used for the simulation of the NA-SA-MA system.





3. Results and Discussion


3.1. Cluster Structures


Given that (SA)1-3(MA)1-3 clusters have been extensively discussed in earlier studies [24,26,66], here, we primarily concentrate on the binary (NA)1-3(MA)1-3 and mixed ternary (NA)x(SA)y(MA)z (1 ≤ x, 1 ≤ y, x + y ≤ 3, 1 ≤ z ≤ 3) clusters. The most stable conformations of the (NA)x(SA)y(MA)z (1 ≤ x, 1 ≤ y, x + y ≤ 3, 1 ≤ z ≤ 3) clusters are shown in Figure 1, and the most stable conformations of the (NA)1-3(MA)1-3 clusters are displayed in Figure S1. Proton transfers from NA to MA occur in all the binary (NA)1-3(MA)1-3 clusters except (NA)1(MA)1, and these acid–base clusters are stabilized through electrostatic interactions between positively and negatively charged ions and intermolecular hydrogen bonds. The (NA)1(MA)1 cluster is the exception, as there is no proton transfer; it is only stabilized by hydrogen bonds. For all the mixed ternary (NA)x(SA)y(MA)z (1 ≤ x, 1 ≤ y, x + y ≤ 3, 1 ≤ z ≤ 3) clusters, proton transfer and the formation of a complex hydrogen bond network are observed. When y ≥ z, all MA molecules undergo protonation by accepting a proton from SA, such as (NA)1(SA)1(MA)1, (NA)1(SA)2(MA)1, (NA)2(SA)1(MA)1 and (NA)1(SA)2(MA)2. When y < z, both SA and NA can transfer a proton to the MA molecules. Thus, the proton transfer process from SA to MA is comparatively more advantageous compared to the transfer from NA to MA in the case of all the mixed ternary NA-SA-MA clusters. This phenomenon is likely caused by the higher acidity of SA compared to NA. In addition, only one proton can be transferred to MA from SA molecules in all the acid–base clusters, and therefore no formation of SO42− is observed.



We then compared the number of hydrogen bonds within the mixed ternary (NA)x(SA)y(MA)z cluster with the numbers in the (NA)x(SA)y(DMA)z and (NA)x(SA)y(A)z clusters (1 ≤ x, 1 ≤ y, x + y ≤ 3, 1 ≤ z ≤ 3) (see Table 1), since the hydrogen bond is a vital structural factor for stabilizing clusters. It was found that the numbers of hydrogen bonds in all the (NA)x(SA)y(MA)z clusters were greater than or equal to those in the corresponding (NA)x(SA)y(DMA)z clusters, except for the case of (NA)1(SA)1(MA)1 and (NA)1(SA)1(MA)2. This is related to the presence of more hydrogen bond formation sites in MA than DMA, as it has one more methyl group. In addition, the numbers of hydrogen bonds in the (NA)x(SA)y(MA)z clusters are comparable to those in the (NA)x(SA)y(A)z clusters. Hence, the observed numbers of hydrogen bonds in the mixed ternary (NA)x(SA)y(MA)z clusters suggest that they are likely more stable.




3.2. Evaporation Rates


The evaporation rate of a cluster represents the rate at which molecules or smaller clusters escape from the original cluster, and therefore it can be used to infer the stability of the cluster. The evaporation rate of a mother cluster is relevant to the collision rate coefficient of its two daughter clusters or monomers and the difference in formation free energy between the mother cluster and its two possible daughter clusters or monomers (detailed in Equation (A3) in Appendix A). Since the difference between the collision rate coefficients for various systems is minor, the evaporation rate of a mother cluster mostly depends on the relative formation free energy of the mother cluster with respect to its possible daughter clusters or monomers. In general, clusters with lower evaporation rates are considered to be more stable [58,59,60]. Since we are mainly concerned with the enhancement effect of NA on SA-MA nucleation, here, we primarily focus on the evaporation rate based on the ΔG values (Figure S2) of the mixed ternary NA-SA-MA clusters (NA)x(SA)y(MA)z (1 ≤ x, 1 ≤ y, x + y ≤ 3, 1 ≤ z ≤ 3). Figure 2A shows the evaporation rates for the mixed ternary NA-SA-MA clusters at 278.15 K, while Figure 2B provides the evaporation rates for the binary SA-MA clusters as a comparison. For the ternary NA-SA-MA system, the evaporation rates of the four clusters (NA)1(SA)2(MA)3, (NA)2(SA)1(MA)3, (NA)1(SA)2(MA)2 and (NA)1(SA)1(MA)2 are on the order of 10−3–10−2 s−1. These are significantly lower than those of the other ternary NA-SA-MA clusters, which have evaporation rates higher than 101 s−1. Under atmospheric conditions, these four clusters may be considered to possess stability. Such a wide variation in the evaporation rate for various clusters is understandable, since the relative formation free energies of mother clusters with respect to their daughter clusters or monomers differ greatly. In comparison with the binary SA-MA clusters, we found that ternary NA-SA-MA clusters with equal acid and base molecule numbers, i.e., (NA)1(SA)2(MA)3, (NA)2(SA)1(MA)3 and (NA)1(SA)1(MA)2, have lower evaporation rates than the corresponding binary SA-MA clusters. This suggests that the addition of NA enhances the stability of these three clusters, and there is a strong possibility that they can participate in the main cluster growth pathways of the NA-SA-MA system.



A comparison was also conducted between the evaporation rates of the ternary NA-SA-MA clusters and those of the ternary NA-SA-DMA and NA-SA-A clusters (see Figure 2C,D). A common feature in all three systems is that the evaporation rates for clusters with equivalent numbers of acidic and basic molecules, i.e., (NA)1(SA)1(base)2, (NA)2(SA)1(base)3 and (NA)1(SA)2(base)3, are lower than those for the other ternary clusters. This is consistent with many previous studies [61,67]. Moreover, the evaporation rates of all the ternary NA-SA-MA clusters are lower compared to the corresponding ones in the NA-SA-DMA system, except for the (NA)1(SA)1(MA)2 and (NA)1(SA)2(MA)3 clusters. It has been observed that the evaporation rate for the (NA)1(SA)2(MA)2 cluster is significantly lower compared to that of the (NA)1(SA)2(DMA)2 cluster. Similarly, the evaporation rates for each of the ternary NA-SA-MA clusters are lower than those for the related NA-SA-A clusters. Therefore, the lower evaporation rates suggest that ternary NA-SA-MA clusters have greater stability when compared to the ternary NA-SA-DMA and NA-SA-A clusters.




3.3. Addition Free Energies of NA to the Clusters


We employed the addition free energy of NA (ΔGadd) as an important parameter to evaluate the binding ability of NA to the binary SA–base clusters. Herein, ΔGadd values for the binary SA-MA, SA-DMA and SA-A clusters were calculated to compare the preferences for the uptake of NA between these three binary SA–base systems (Figure 3). The ΔGadd for each ternary (NA)x(SA)y(base)z cluster was calculated as follows:


ΔGadd = G(NA)x(SA)y(base)z − G(SA)y(base)z − GNA × x



(1)




where G(NA)x(SA)y(base)z, G(SA)y(base)z and GNA are the Gibbs free energies of the ternary (NA)x(SA)y(base)z cluster, the binary (SA)y(base)z cluster and NA monomers, respectively. As shown in Figure 3A, the ∆Gadd values for all the ternary NA-SA-MA clusters are highly negative, and therefore the addition of NA to the clusters is thermodynamically favorable. Furthermore, when the number of SA molecules stays constant, there is a clear trend that the ∆Gadd values of the (NA)x(SA)y(MA)z clusters decrease with an increase in the number of base molecules, suggesting that the greater number of bases in the cluster makes it more favorable to attract NA molecules. It is noteworthy that the ∆Gadd values for all the ternary NA-SA-MA clusters are lower than those for the corresponding ternary NA-SA-DMA and NA-SA-A clusters, signifying that NA binding with SA-MA clusters is more advantageous compared to the SA-DMA and SA-A clusters. We speculate that the introduction of NA leads to a change in the topological structure of the binary SA-MA clusters, resulting in stronger binding of NA with SA-MA clusters and more hydrogen bonds in the formed ternary NA-SA-MA clusters.




3.4. Enhancement Effect of NA on Cluster Formation Rates


Here, we further investigated the enhancing effect of NA on SA-MA nucleation by comparing the cluster formation rates before and after adding NA to the binary SA-MA system. We also compared it with the enhancing effect of NA on SA-DMA nucleation and SA-A nucleation (cluster formation rates of these nucleation systems are shown in Tables S1–S3). The enhancing effect of NA on binary SA–base nucleation is quantified by the enhancement factor (r):


  r =   J ( [ S A ] = x , [ b a s e ] = y , [ N A ] = z )   J ( [ S A ] = x , [ b a s e ] = y , [ N A ] = 0 )    



(2)




where J ([SA] = x, [base] = y, [NA] = z) and J ([SA] = x, [base] = y, [NA] = 0) indicate the cluster formation rate of the ternary NA-SA–base system and the binary SA–base system without NA, respectively. Under realistic atmospheric conditions, precursor concentration and temperature are both important factors influencing the nucleation rate. Therefore, we examined r at different precursor concentrations and temperatures.



The effect of temperature on r when [NA] = 1010 cm−3 and T = 238.15 K–298.15 K is displayed in Figure 4. It is observable that NA always has a significant enhancing effect on SA-MA nucleation, with the r value ranging from 276 to 14370 under the considered conditions. The overall trend shows that the r value increases with increasing temperature, except for the case with the conditions of [SA] = 106 cm−3 and [MA] = 109 cm−3, where the r value initially decreases and then increases with increasing temperature. Furthermore, the r value under the lower SA concentration (106 cm−3) is higher than that under the higher SA concentration (107 cm−3), indicating that NA can cause stronger enhancement of SA-MA nucleation when the SA is scarce. Furthermore, for the NA-SA-DMA and NA-SA-A systems, the r value increases with decreasing temperature, and NA only has a prominent enhancing effect on binary SA-DMA/A nucleation at temperatures below 258.15 K. However, the r value of NA in the binary SA-DMA/A nucleation is much lower than that in the binary SA-MA nucleation under our considered conditions, which confirms the significantly high enhancement effect of NA on SA-MA nucleation.



Figure 5 shows the effect of NA concentration on r at 278.15 K. It can be seen that for three NA-SA-base systems, r shows a positive dependence on [NA] and the r value under the lower SA concentration (106 cm−3) is higher than that under the higher SA concentration (107 cm−3). For the NA-SA-MA system, r increases from 16 to about 106 as the NA concentration increases from 108 cm−3 to 1012 cm−3, reflecting the high enhancing effect of NA for the SA-MA system at 278.15 K. However, for the NA-SA-DMA and NA-SA-A systems, an enhancing effect of NA was only observed when NA > 1010 cm−3 at 278.15 K, which is still much lower than the r value for the NA-SA-MA system at the same NA concentration.



As discussed above, our results indicate that even under environmental conditions with high temperatures, such as at noon, NA can still efficiently enhance SA-MA nucleation to a surprisingly high degree, in contrast to the negligible enhancing effect of NA on binary SA-DMA or SA-A nucleation above 278.15 K presented in previous studies [46,47,48].




3.5. Mechanism of the NA-SA-MA Nucleation System


ACDC simulations can keep track of the fluxes between clusters, which makes analysis of the cluster formation mechanism easy. Herein, the cluster growth pathway within the NA-SA-MA system at 278.15 K, [NA] = 1010 cm−3, [SA] = 106 cm−3 and [MA] = 108 cm−3 is displayed in Figure 6. Under these conditions, NA led to an enhancement factor of about 15,000 for SA-MA nucleation. As shown in Figure 6, the cluster growth mainly proceeds through two channels. One is the binary SA-MA channel, which is initiated by the collision of two SA molecules or the collision between SA and MA molecules. The other is the NA-participated channel, which is initiated by the collision of NA and MA molecules. In addition, the two channels are linked by the addition of one NA molecule to the (SA)1(MA)1 and (SA)2(MA)2 clusters to form the (NA)1(SA)1(MA)1 and (NA)1(SA)2(MA)2 clusters, respectively. Both channels subsequently grow through collisions with monomers, ultimately producing the (SA)3(MA)3 and (NA)1(SA)2(MA)3 clusters, respectively. It is noted that the ternary NA-SA-MA clusters that participate in the growth pathways contain at most one NA molecule. Finally, (SA)3(MA)3 and (NA)1(SA)2(MA)3 clusters can directly collide with NA and SA molecules, respectively, to form the (NA)1(SA)3(MA)3 cluster, which grows out of the “3 × 3 box”, with the two paths contributing 15% and 85% of the cluster formation rates, respectively.



We also tested the influence of temperature and [NA] on the cluster growth pathway of the NA-SA-MA system. Figure S3 presents the cluster growth pathway at a lower temperature (238.15 K, Figure S3A) and a higher [NA] (1012 cm−3, Figure S3B). As shown in Figure S3, the main growth pathway is slightly more complicated than that at 278.15 K and [NA] = 1010 cm−3. The cluster growth pathway is still mainly divided into the SA-MA channel and the NA-participated channel. However, at 238.15 K or [NA] = 1012 cm−3, the two channels can also be connected by an extra route via the evaporation of a NA molecule: (NA)1(SA)1(MA)1 → (NA)1(SA)2(MA)1 → (SA)2(MA)1. Another difference is that the finally formed (NA)1(SA)2(MA)3 cluster can collide not only with an SA monomer but also with the (NA)1(MA)1 dimer cluster to grow out of the “3 × 3 box” at 238.15 K or [NA] = 1012 cm−3. Additionally, at 238.15 K, (NA)1(SA)1(MA)2 can also collide with itself to form the (NA)2(SA)2(MA)4 cluster growing out of the “3 × 3 box”.



Overall, the growth pathways under the three conditions are generally similar; the NA-participated clusters contribute almost 100% to the cluster formation rate, indicating the importance of the participation and enhancement of NA in SA-MA nucleation. This is different from the case in which NA mainly acts as a “bridge” joining the smaller and larger binary SA-A clusters in the cluster growth pathways of the NA-SA-A system [47].





4. Implications and Conclusions


This study is the first to point out the surprisingly high enhancing effect of NA on the nucleation of the binary SA-MA system at ambient temperature. For example, at [NA] = 1010 cm−3 and T = 278.15 K–298.15 K, a common concentration and normal temperature range in the troposphere, NA can efficiently enhance the cluster formation rate of the binary SA-MA system by about 104-fold. Moreover, the enhancing role of NA could be even more pronounced in local regions with higher concentrations of NA and near emission sources of MA. However, previous studies reported that only at lower temperatures (≤240 K) could NA efficiently enhance binary SA-DMA or SA-A nucleation [47,48]. Thus, the enhancing effect of NA on the investigated binary SA–base nucleation systems does not simply adhere to the sequence of gas basicity among the bases (DMA > MA > A) [68], although acid–base reactions occur between NA and bases in ternary NA-SA–base nucleation. This implies that the enhancing effect of NA on binary SA–base nucleation is related not only to the basicity of the atmospheric bases but also to their structural factors, e.g., their hydrogen-bonding capacity. Therefore, the contribution of NA to nucleation involving SA and other bases warrants further study to comprehensively expand the current understanding of the role of NA in atmospheric NPF.



The enhancing potential of MA in SA-driven nucleation is lower than that of the other typically observed alkyl amines, i.e., DMA and trimethylamine (TMA) [24]. However, recent studies showed that MA can synergistically enhance SA-driven nucleation with other amines [69,70]. Considering the high enhancing effect of NA on SA-MA nucleation, it is likely that NA could significantly enhance the nucleation of SA–multiple amines containing MA in realistic atmospheres. It is important to mention that a recent investigation has revealed that NA can increase the nucleation rate of complex mixed-acid–mixed-base systems (e.g., the quaternary NA-SA-MA-DMA system), but the multi-component clusters in this study only include one NA molecule [50]. Such an NA-enhanced multi-component nucleation mechanism containing more NA and base molecules may explain the intense NPF events in the urban atmosphere, which deserve more concern in the future.
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Appendix A


Appendix A.1. Specific Details of Multi-Step Sampling Approach and Employed Calculation Methods


The multi-step sampling approach was employed to search for the most stable configurations of the clusters in the ternary NA-SA-MA system, including (NA)1-3(MA)1-3 and (NA)x(SA)y(MA)z (1 ≤ x, 1 ≤ y, x + y ≤ 3, 1 ≤ z ≤ 3) clusters. First, the ABCluster program was employed to generate 6000 initial guess structures for each cluster type. The CHARMM36 force field was applied for the simulation of all molecules in the ABCluster program. Based on the initial guess structure, four sequential calculation steps were performed, including preliminary geometry optimization at the PM6 level of theory, followed by a single-point energy calculation at the ωB97X-D/6-31+G(d,p) level. Subsequently, a more precise geometry optimization and vibrational frequency analysis were conducted at the ωB97X-D/6-31++G(d,p) level of theory. The final step involved a single-point energy calculation at the DLPNO-CCSD(T)/aug-cc-pVTZ level of theory using the keywords “tightscf”, “tightpno”, “GRID4” and “nofinalgrid”. The Gibbs free energy (G) for each cluster was calculated by combining the single-point energy at the DLPNO-CCSD(T)/aug-cc-pVTZ theoretical level with a correction term for the Gibbs free energy derived from the ωB97X-D/6-31++G(d,p) level of theory. The configuration exhibiting the lowest G value was identified as the most stable configuration for a given cluster type. The binding free energy (ΔG) was derived from the subtraction of the individual G of the constituent monomers from the overall G of the studied cluster at a temperature of 298.15 K. ΔG values at different temperatures were obtained on the premise that both the enthalpy (ΔH) and entropy (ΔS) changes were held constant across the range of temperatures considered, which spanned from 238.15 K to 298.15 K. The coordinates of all the optimized (NA)x(SA)y(MA)z (1 ≤ x, 1 ≤ y, x + y ≤ 3, 1 ≤ z ≤ 3), (NA)x(SA)y(DMA)z (1 ≤ x, 1 ≤ y, 1 ≤ z ≤ x + y ≤ 3) and (NA)x(SA)y(A)z (1 ≤ x, 1 ≤ y, 1 ≤ z ≤ x + y ≤ 3) clusters can be seen in Table S4. Additionally, the single-point energies at the DLPNO-CCSD(T)/aug-cc-pVTZ level and the corresponding Gibbs free energy correction (Gcorr) and Gibbs free energy (G) values at 298.15K for all the most stable configurations of the NA-SA-MA, NA-SA-DMA and NA-SA-A systems can be seen in Table S5.




Appendix A.2. Physical Principles of ACDC


In short, the core of ACDC is to use the birth–death equation (Equation (A1)) to describe the time-dependent cluster distributions:


    d   c   i     dt    =    1   2     ∑  j < i      β    j , ( i  −  j )      c   j     c    ( i  −  j )       +    ∑  j      γ    ( i + j )  → i     c    i + j      −   ∑  j      β    i , j      c   i     c   j     −   1   2     ∑  j < i      γ   i → j     c   i        +    Q   i   −   S   i    



(A1)




where subscripts (i, j, i − j, and i + j) represent different clusters or monomers in the system. ci represents the number concentration of i. βi,j denotes the collision rate coefficient between i and j, and γ(i+j)→i denotes the evaporation rate of a cluster i + j into smaller clusters, (or monomers) i and j. Qi represents an additional outside source term of i, and Si represents other sink terms for i. The collision rate coefficient (βi,j) between clusters i and j is calculated using the hard-sphere kinetic gas theory as follows:


    β    i , j    =       3    4 π          1   6              6    k   B   T     m   i      +    6   k   B   T     m   j           1   2           V   i        1       3       +    V   j        1       3          2    



(A2)




where kB is the Boltzmann constant, T is the temperature, and mi and Vi are the mass and volume of i, respectively. The evaporation rate (γ(i+j)→i) is obtained from the corresponding collision rate coefficient and the binding free energy.


    γ    ( i + j )  → i    =    β    i , j      c   ref     exp  ⁡      Δ   G    i + j    −    Δ    G   i   −    Δ    G   j       k   B   T        



(A3)




where ΔG is the binding free energy of the cluster and cref is the reference monomer concentration at 1 atm, which is the pressure at which ΔG was calculated.




Appendix A.3. Selection of Boundary Clusters


The boundary clusters fluxing out of the simulation box are required to be sufficiently stable (low evaporation rates). As shown in Figure 2, for the studied “3 × 3 box” NA-SA-MA system, binary (SA)3(MA)2-3 clusters and mixed ternary (NA)1(SA)1(MA)2 and (NA)1(SA)2(MA)2-3 and (NA)2(SA)1(MA)3 clusters have relatively low evaporation rates on the order of 10−4 s−1~10−2 s−1. Therefore, (SA)4(MA)3, (SA)4(MA)4, (NA)1(SA)3(MA)3, (NA)1(SA)3(MA)4, (NA)2(SA)2(MA)4 and (NA)3(SA)1(MA)4 clusters were defined as boundary clusters in the ACDC simulation. For the NA-SA-DMA system, binary (SA)1(DMA)1, (SA)2(DMA)1-2 and (SA)3(DMA)2-3 clusters and mixed ternary (NA)1(SA)1(DMA)2, (NA)1(SA)2(DMA)3 and (NA)2(SA)1(DMA)3 clusters have relatively low evaporation rates on the order of 10−5 s−1~10−1 s−1. Therefore, we selected (SA)4(DMA)3, (SA)4(DMA)4, (NA)1(SA)3(DMA)4, (NA)2(SA)2(DMA)4 and (NA)3(SA)1(DMA)4 clusters as the boundary clusters in the ACDC simulation. For the NA-SA-A system, binary (SA)3(A)2-3 clusters and mixed ternary (NA)1(SA)2(A)3 and (NA)2(SA)1(A)3 clusters have relatively low evaporation rates on the order of 10−1 s−1~101 s−1. This allowed us to select (SA)4(A)3, (SA)4(A)4, (NA)1(SA)3(A)4, (NA)2(SA)2(A)4 and (NA)3(SA)1(A)4 as the boundary clusters for the NA-SA-A system in the ACDC simulation.
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Figure 1. The most stable configurations of the (NA)x(SA)y(MA)z (1 ≤ x, 1 ≤ y, x + y ≤ 3, 1 ≤ z ≤ 3) clusters calculated at the DLPNO-CCSD(T)/aug-cc-pVTZ//ωB97X-D/6-31++G(d,p) level of theory at 298.15 K. The dashed black lines represent hydrogen bonds. 
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Figure 2. Evaporation rates of the (A) (NA)x(SA)y(MA)z (1 ≤ x, 1 ≤ y, x + y ≤ 3, 1 ≤ z ≤ 3), (B) (SA)1-3(MA)1-3, (C) (NA)x(SA)y(DMA)z (x ≥ 1, y ≥ 1, 1 ≤ z ≤ x + y ≤ 3) and (D) (NA)x(SA)y(A)z (x ≥ 1, y ≥ 1, 1 ≤ z ≤ x + y ≤ 3) clusters at 278.15 K. 
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Figure 3. Addition free energy of NA (ΔGadd) for the (A) (NA)x(SA)y(MA)z (1 ≤ x, 1 ≤ y, x + y ≤ 3, 1 ≤ z ≤ 3), (B) (NA)x(SA)y(DMA)z (1 ≤ x, 1 ≤ y, 1 ≤ z ≤ x + y ≤ 3) and (C) (NA)x(SA)y(A)z (1 ≤ x, 1 ≤ y, 1 ≤ z ≤ x + y ≤ 3) clusters calculated at the DLPNO-CCSD(T)/aug-cc-pVTZ//ωB97X-D/6-31++G(d,p) level of theory at 298.15 K and 1 atm. 






Figure 3. Addition free energy of NA (ΔGadd) for the (A) (NA)x(SA)y(MA)z (1 ≤ x, 1 ≤ y, x + y ≤ 3, 1 ≤ z ≤ 3), (B) (NA)x(SA)y(DMA)z (1 ≤ x, 1 ≤ y, 1 ≤ z ≤ x + y ≤ 3) and (C) (NA)x(SA)y(A)z (1 ≤ x, 1 ≤ y, 1 ≤ z ≤ x + y ≤ 3) clusters calculated at the DLPNO-CCSD(T)/aug-cc-pVTZ//ωB97X-D/6-31++G(d,p) level of theory at 298.15 K and 1 atm.
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Figure 4. Enhancement factor (r) of NA in SA-MA, SA-DMA and SA-A nucleation at varying temperatures and precursor concentrations. The concentration of NA is fixed at 1010 cm−3. The solid black, red, blue and green lines represent the NA-SA-MA system; the dashed–dotted black, red, blue and green lines represent the NA-SA-DMA system; and the dotted orange and purple lines represent the NA-SA-A system. 
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Figure 5. Enhancement factor (r) of NA in SA-MA, SA-DMA and SA-A nucleation at 278.15 K and with varying concentrations of NA (from 108 to 1012 cm−3). The solid black, red, blue and green lines represent the NA-SA-MA system; the dashed–dotted black, red, blue and green lines represent the NA-SA-DMA system; and the dotted orange and purple lines represent the NA-SA-A system. 
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Figure 6. Cluster growth pathways for the NA-SA-MA system at 278.15 K, [NA] = 1010 cm−3, [SA] = 106 cm−3 and [MA] = 108 cm−3. 
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Table 1. The numbers of hydrogen bonds (n) in (NA)x(SA)y(MA)z, (NA)x(SA)y(DMA)z and (NA)x(SA)y(A)z (1 ≤ x, 1 ≤ y, 1 ≤ z ≤ x + y ≤ 3) clusters.






Table 1. The numbers of hydrogen bonds (n) in (NA)x(SA)y(MA)z, (NA)x(SA)y(DMA)z and (NA)x(SA)y(A)z (1 ≤ x, 1 ≤ y, 1 ≤ z ≤ x + y ≤ 3) clusters.





	Clusters
	n
	Clusters
	n
	Clusters
	n





	(NA)1(SA)1(MA)1
	3
	(NA)1(SA)1(DMA)1
	4
	(NA)1(SA)1(A)1
	3



	(NA)1(SA)1(MA)2
	4
	(NA)1(SA)1(DMA)2
	5
	(NA)1(SA)1(A)2
	5



	(NA)2(SA)1(MA)1
	5
	(NA)2(SA)1(DMA)1
	5
	(NA)2(SA)1(A)1
	5



	(NA)2(SA)1(MA)2
	7
	(NA)2(SA)1(DMA)2
	6
	(NA)2(SA)1(A)2
	8



	(NA)2(SA)1(MA)3
	10
	(NA)2(SA)1(DMA)3
	7
	(NA)2(SA)1(A)3
	9



	(NA)1(SA)2(MA)1
	6
	(NA)1(SA)2(DMA)1
	5
	(NA)1(SA)2(A)1
	6



	(NA)1(SA)2(MA)2
	7
	(NA)1(SA)2(DMA)2
	7
	(NA)1(SA)2(A)2
	8



	(NA)1(SA)2(MA)3
	11
	(NA)1(SA)2(DMA)3
	8
	(NA)1(SA)2(A)3
	10
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