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Abstract. New particle formation (NPF) is a major source of atmospheric particulates and cloud condensation nuclei (CCN),
yet conventional sulfuric acid (SA)—ammonia (NH3) nucleation cannot fully explain the observed NPF and CCN generation.
While recent CLOUD studies have shown that nitric acid can enhance SA—NH3 nucleation in the cold upper troposphere
[Nature, 605, 483-489, 2022], this mechanism can only explain particle formation under certain cold atmospheric
environments. Here, we use trifluoroacetic acid (TFA) as a model perfluorocarboxylic acid (PFCA) to investigate the
stabilizing effect of PFCAs on SA-NH; clusters, given their atmospheric nucleation relevance, long lifetime, and widespread
distribution. Using quantum chemical calculations with Atmospheric Cluster Dynamics Code simulations, we find that TFA
forms stable cage-like SA—-NH3;-TFA clusters via strong hydrogen bonds and proton transfer. At 220 K (favourable cold
conditions), TFA enhances the SA—NHj3 nucleation rate by up to 950-fold and contributes up to 93% of the main simulated
growth flux at low SA. TFA assisted stabilization represents a potentially efficient pathway for SA—NH; nucleation in cold
atmospheres. This mechanism is most directly relevant to the cold boundary layer environments where TFA has been
measured. In the upper troposphere, its role serves as a critical low-temperature mechanistic insight, pending direct
observations of gas-phase TFA aloft. This study provides a molecular-level foundation for understanding general PFCA-

enhanced nucleation mechanisms in cold atmospheric environments.

1 Introduction

Atmospheric new particle formation (NPF) is an important source of particulates and cloud condensation nuclei (CCN) and
can influence the Earth’s radiative balance and cloud properties (Gordon et al., 2017; Lee et al., 2019; Yu and Luo, 2009;
Zaveri et al., 2022). Nucleation is the initial and rate-limiting step of NPF. Sulfuric acid (SA)-ammonia (NH3) nucleation is

a well-known mechanism at low temperature, but cannot adequately explain the observed particle formation events,
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particularly under low SA conditions (Kerminen et al., 1997; Kirkby et al., 2011; Myllys et al., 2017; Williamson et al.,
2019). This discrepancy indicates that additional stabilizing species may participate in the early stages of cluster formation.

Recent CLOUD (Cosmics Leaving OUtdoor Droplets) experimental studies have shown that nitric acid (NA), an
important atmospheric inorganic acid, can enhance SA-NHj3 nucleation under cold atmospheric conditions (Wang et al.,
2020, 2022), providing an important advance in understanding the importance of acid in upper-tropospheric particle
formation. Nevertheless, the NA—SA—NHj3 nucleation may only dominates NPF in the Asian monsoon region of the upper
troposphere, and NA is unlikely to be the only acidic stabilizer of SA—NHj3 clusters under cold conditions. A key unresolved
question is which other atmospheric acids can provide comparable molecular stabilization and under what atmospheric
conditions they may become relevant (Wang et al., 2020, 2022). Beyond inorganic acids, atmospheric organic acids (e.g.,
oxalic acid) can be transported to colder atmospheric regions and have been proposed to participate in low-temperature
cluster formation (Bready et al., 2022; Fang et al., 2020; Lin et al., 2019; Liu et al., 2021a, 2018a; Narukawa et al., 2003;
Wang et al., 2023; Zhang et al., 2018b) However, their nucleation effects depend sensitively on molecular properties, such as
hydrogen-bond topology, types of intermolecular interactions, and acid/base strength (Frederiks et al., 2023; Harold et al.,
2022; Nadykto and Yu, 2007; Zhang et al., 2025). Thus, identifying chemically distinct acids with stronger intrinsic cluster
stabilizing ability remains an important open question for cold atmospheric nucleation.

Perfluorocarboxylic acids (PFCAs), characterized by high chemical stability and long-range atmospheric mobility, are
globally distributed and differ chemically from nonhalogenated organic acids owing to their strong acidity and hydrogen-
bonding capacity based on the electron-withdrawing effect of the perfluorinated alkyl groups. These properties make them
promising candidates for probing acid-assisted stabilization of SA—NHj3; clusters (Prevedouros et al., 2006). As the shortest-
chain, most abundant, and widely detected PFCA (Tian et al., 2018), trifluoroacetic acid (TFA) is therefore a structurally
representative and ideal model compound to probe the general role of PFCAs in SA-NH; nucleation process in cold
atmospheric environments. TFA also possesses a long atmospheric lifetime, enabling its extensive atmospheric transport and
diffusion. It has been detected in both gas and particle phases in urban regions (Hu et al., 2013; Wu et al., 2014). Three-
dimensional chemical transport modeling has suggested that TFA may be widely distributed across different regions. It has
multiple anthropogenic sources (Freeling and Bjornsdotter, 2023), including direct industrial use (Lopez and Salazar, 2013;
Xie et al., 2020) and secondary formation from the oxidative degradation of substitutes for chlorofluorocarbons (Wu et al.,
2025). Emissions of gaseous TFA precursors have increased over the past decades (Freeling et al., 2022). Furthermore, the
high persistence and mobility of TFA in the environment raise concerns about widespread adverse effects (Lim, 2025),
making it critical to clarify its environmental impacts. Importantly, field measurements and theoretical simulations have
shown that TFA can significantly enhance the atmospheric SA-dimethylamine (DMA) and methanesulfonic acid-
methylamine nucleation at low temperature under diverse atmospheric boundary layer conditions (Hu et al., 2023; Liu et al.,
2021b; Lu et al., 2020). These findings motivate investigating whether TFA, as a model PFCA, can also stabilize the

atmospherically important SA—NHj3 nucleation system under cold atmospheric conditions.



65

70

75

80

85

90

95

https://doi.org/10.5194/egusphere-2026-2877
Preprint. Discussion started: 20 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

The atmospheric relevance of TFA-assisted SA-NH; nucleation should be interpreted differently across cold
atmospheric environments. The cold boundary layer provides the more directly constrained atmospheric context, because
TFA has been measured in both gas and particle phases in boundary layer environments. In contrast, direct gas-phase
measurements of TFA in the upper troposphere are not currently available. Therefore, the upper tropospheric calculations in
this study are designed only as low-temperature sensitivity tests rather than quantitative predictions of present atmospheric
particle formation. Although previous studies suggest that some PFCAs or TFA precursors may be transported to high
altitudes under favorable conditions (Breuninger et al., 2025; Dodangodage et al., 2025), these lines of evidence provide only
qualitative plausibility and do not constrain gas-phase TFA concentrations aloft. Accordingly, the cold boundary layer is
treated here as the more observationally supported environment, whereas the upper troposphere is considered an exploratory
low temperature sensitivity scenario.

Here, we use TFA as a model PFCA to investigate the ternary nucleation mechanism of (SA).(NH3), (TFA). (0 <y <x
+z < 3,z =1, 2, 3) at the molecular scale using quantum chemical calculations combined with Atmospheric Cluster
Dynamics Code (ACDC) simulations [46,47]. We first characterized the intermolecular interactions and bonding strengths
within SA-NH3;-TFA clusters and then evaluated their thermodynamic stability, kinetic stability, formation rates, cluster
concentrations, and dominant formation pathways under cold atmospheric conditions. In this way, the present study provides
molecular-level insight into how TFA, as a model PFCA, influences the SA—NHj3 nucleation process under cold conditions,

encompassing both of the cold boundary layer and the upper troposphere.

2 Theoretical methods

The structures of (SA). (NH3), (TFA). (0 <y <x + z <3,z =1, 2, 3) clusters were systematically searched, and the
structures of (SA),"(TFA). (2 <x +z < 3) and (SA). (NH3), (1 <y <x < 3) clusters were adopted from our previous studies at
the same level of theory (Liu et al., 2018b; Lu et al., 2020). The structural optimization process proceeded as follows: First,
the ABCluster program (Zhang and Dolg, 2015) was used to generate the initial isomer structures of different clusters via the
CHARMM36 force field. Second, up to 1000 structures with low energy were selected and optimized using the PM7
semiempirical method (Stewart, 2007) with the MOPAC 2016 software (Stewart, n.d.). Third, up to 100 structures with low
energy from the above 1000 structures were further optimized at the M06-2X/6-31+G* level of theory (Zhao and Truhlar,
2008, 2011). We retained a sufficiently large number of low energy structures (usually 1,000 from CHARMM?36 and 100
from PM?7) at the above two stages to ensure coverage. Finally, 10 relatively stable structures were selected from the above
100 structures to be further optimized at the M06-2X/6-311++G(3df,3pd) level of theory, which has been shown to perform
well for atmospherically relevant molecular clusters (Herb et al., 2011, 2013; Nadykto et al., 2011, 2009). Vibrational
frequencies were also calculated for the most stable structures at the same level of theory to obtain Gibbs free energies at 240
K, 230 K, and 220 K. All the quantum chemistry calculations were performed using the Gaussian 09 package (Frisch et al.,
2009).
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Single-point energy calculations were carried out at the RI-CC2/aug-cc-pV(T+d)Z level of theory via the
TURBOMOLE program (Ahlrichs et al., 1989), given the good agreement between the simulated results (cluster
concentrations and cluster formation rates) based on this level of theory and the experimental and field measurements
(Kiirten et al., 2018; Liu et al., 2021c; Lu et al., 2020), attributed to random error cancellation (Details in Section S1 of the
Supplement). Based on the AG calculated at RI-CC2/aug-cc-pV(T+d)Z//M06-2X/6-311++G(3df,3pd) level of theory, the
ACDC (McGrath et al., 2012; Olenius et al., 2013) model was used to simulate cluster formation and derive cluster
concentrations, formation rates, and relevant formation pathways (Details in Section S2 of the Supplement). Evidence for the

consistency between theoretical predictions and existing experimental results is shown in Section S3 of the Supplement.

3 Results and discussion
3.1 Cluster Structures and Intermolecular Interactions

Intermolecular interactions are key factors in the formation of atmospheric nucleation clusters (Li et al., 2020; Zhang et al.,
2025). To identify the potential interaction sites among SA, NHj;, and TFA molecules, the electrostatic potential (ESP)
mapped molecular van der Waals (vdW) surfaces were analyzed at the M06-2X/6-311++G(3df,3pd) level of theory (Fig. S1).
The three molecules exhibit pronounced positive and negative ESP regions, indicating their ability to form directional
intermolecular interactions. The differences between the positive and negative ESP extrema of the TFA molecule and those
of the SA molecule are within 2.0 kcal/mol. Given that surface electrostatic potentials are commonly employed to identify
and rank hydrogen-bond donor/acceptor sites, this result suggests that TFA may exhibit a hydrogen-bonding propensity
broadly comparable with SA.

Figure 1 shows the most stable structures of the (SA),"(NHs),"(TFA). (1 <y <x +z <3, z> 1) clusters identified in the
systematic stable structure search. Cartesian coordinates are provided in Table S1 in the Supplement. Intermolecular bond
lengths and the bonding positions indicate that SA, NH3, and TFA can form cage-like clusters stabilized by the hydrogen
bond network (Liu et al., 2022; Myllys et al., 2019). To further quantify the hydrogen bond strength in these clusters, the
topological analysis was performed based on the atoms in molecules (AIM) theory using the Multiwfn package (Lu and
Chen, 2012). As shown in Table S2, the electron density (p) and the corresponding Laplacian of the p (V?p) at the bond
critical points (BCPs) of the hydrogen bonds in SA-NH3—TFA clusters range from 0.0105 to 0.0997 a.u. and from 0.0086 to
0.1331 a.u., respectively. Most of the p and V?p for the studied clusters are higher than the ranges of 0.002-0.040 a.u. and in
the range of 0.014-0.139 a.u. suggested by the literature for hydrogen bond, respectively (Grabowski, 2004; Koch and
Popelier, 1995). Thus, TFA can indeed form clusters with SA and NHj through relatively strong hydrogen bonding and

electrostatic interactions.
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Figure 1 The most stable structures of (SA).*(NH3),"(TFA): (0 <y <x+z <3, z=1, 2, 3) clusters. Structures were optimized at the M06-
2X/6-311++G(3df,3pd) level of theory. The grey, white, red, blue, green, and yellow balls represent C, H, O, N, F, and S atoms,
respectively. Dashed lines represent the hydrogen bonds. The bond lengths are in A.
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Proton transfer among the studied nucleation precursors was further analyzed in terms of the proton transfer parameter
(Hunt et al., 2003; Kurnig and Scheiner, 1987; Liu et al., 2021c) (Section S4 in the Supplement). As shown in Table S3,
proton transfer occurs in most of the studied (SA).(NH3), (TFA). (0 <y <x+z <3,z =1, 2, 3) clusters. The number of
proton transfers is equal to the number of NH3 molecules in the clusters. Although SA exhibits a higher priority for proton
transfer than TFA when both acids are present, a proton from TFA can be transferred to NH; when there are more NHj3
molecules than SA molecules in the clusters. Thus, TFA can stabilize SA-NHj3 nucleation clusters not only via hydrogen
bonds but also by electrostatic interactions generated by proton transfer. The strong intermolecular interactions and proton

transfer provide a molecular basis for the thermodynamic and kinetic stability discussed below.

3.2 Thermodynamic and Kinetic Stability of Clusters

Thermodynamic and kinetic stabilities are both critical for molecular clusters to survive evaporation and grow during
atmospheric nucleation. We investigated cluster stability across temperatures (220—240 K), representative of cold
atmospheric environments, including cold boundary layer and upper tropospheric conditions (Dunne et al., 2016; Wang et al.,
2022). Thermodynamic stability of SA-NH3;-TFA clusters was evaluated via the Gibbs free energies of formation (AG),
which is defined as the G of the cluster relative to the sum G of the corresponding constituent monomers. The AG values are
all negative for the studied clusters involving TFA at the studied temperatures (Table S4), a result that indicates the
formation of these clusters is thermodynamically favorable. The AG values of the SA-NH;-TFA clusters decrease as
temperature decreases. Hence, SA-NH3;-TFA clusters are predicted to become more thermodynamically stable at lower
temperatures. This trend supports the potential importance of TFA assisted stabilization in the cold boundary layer
environments and the upper tropospheric sensitivity scenarios. The effect of anharmonicity on the calculated Gibbs free
energy was examined using a Zero Point Energy (ZPE) scaling factor of 0.97 (Alecu et al., 2010). As shown in Table S5, the
deviation in the calculated Gibbs free energy of cluster formation (AG) between the calculations with a ZPE scaling factor of
0.97 and those without scaling corrections is within 2.2 kcal/mol. This uncertainty is further considered when interpreting the
absolute values of cluster formation rates.

Kinetic stability, reflected in the growth trend, is determined by the ratio (5-C/Y») of collision frequency (5-C,  shown
in Table S6) with a monomer molecule to total evaporation frequency (3 y, Table S7) of all possible monomer evaporations.
If the S-C of a cluster is higher than its Y, the cluster is more likely to grow into larger clusters than to evaporate. To assess
the growth tendency of SA-NH3—TFA clusters under low temperatures, we analyzed the §-C/) y at low concentrations of the
corresponding nucleation precursors and different temperatures (240 K, 230 K, and 220 K) (Table S8). For example, at
relative low nucleation precursor concentration of 1.0 x 10° molecules cm?, the -C/3y of the (SA),"(NHs), (TFA); clusters
(0<x<2,1<y<3,y<xtl) increases markedly as temperature decreases (Fig. 2). The £-C/3 y of (SA),'(NH3)3-(TFA):
cluster increases from 1.4 at 240 K to 1.3 x 10? at 220 K. This indicates that lower temperature favors cluster growth over

monomer evaporation. (Details in Section S5 of the Supplement). This temperature dependence arises because evaporation
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frequencies decrease more strongly with decreasing temperature than collision frequencies, allowing TFA containing clusters
to survive and grow more efficiently. Overall, both thermodynamic and kinetic analyses show that SA—NH3;-TFA clusters

become increasingly stable under colder conditions.
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Figure 2 Ratios of SA monomer collision frequencies to total evaporation frequencies (5-C/Y ) for (SA)x»*(NH3),"(TFA) (0<x<2,1<y
<3,y <x+1) clusters at different temperatures. (a) 240 K, (b) 230 K, and (c) 220 K. C = 1.0 x 10° molecules cm.

3.3 Particle Formation Rates Enhanced by TFA

Given that TFA can form stable clusters with SA and NH3, we further investigated the particle formation rates (J) of SA—
NH3-TFA nucleation process. The J of SA-NH3-TFA nucleation mechanism and the enhancement (R;) of SA-NH3
nucleation by TFA were analyzed in a wide range of common nucleation precursor concentrations ([SA] = 7.0 x 10°-1.0 x
107 molecules cm™ (Kiirten et al., 2012; Yao et al., 2018; Zheng et al., 2015), [NH3] = 1.0 x 108-1.0 x 10'!' molecules cm
(Bray et al.,, 2017; Hopfner et al.,, 2019; You et al., 2014)). These ranges cover values relevant to boundary layer
environments and upper tropospheric sensitivity conditions, although their representativeness differs among atmospheric
environments. The TFA concentrations adopted here (1.0 x 10° to 1.0 x 10® molecules ¢m™) are referenced to field
measurements in the boundary layer (Wu et al.,, 2014; Zhang et al., 2018a). Direct observational constraints on TFA
concentrations in the upper troposphere are currently unavailable. We therefore do not assign an observationally constrained
TFA abundance to this region. It should be regarded strictly as an exploratory sensitivity range used to study the potential
effect of TFA if it were present aloft at comparable gas-phase concentrations. Accordingly, the simulated upper-tropospheric
formation rates should be interpreted as scenario-based sensitivity results rather than as quantitative predictions for the
present atmosphere (Details in Sections S6 and S7 of the Supplement). The simulations were performed at 240, 230, and 220
K, with condensation sinks (CSs) of 2.0 x 102, and 2.0 x 10~ s°'. Taking the temperature of 240 K as an example, the
particle formation rate (J) calculated using anharmonicity corrected AG (Fig. S2) is about 1.1 times that obtained with the
harmonic approximation. Given the relatively insignificant impact of the anharmonicity on the simulated results, the
harmonic approximation was adopted for all the computed data in this study.

Across the examined precursor concentration ranges, both J and R, increase as temperature decreases (Fig. 3). This
indicates that the enhancement of SA—NH; nucleation by TFA becomes stronger at lower temperatures. Moreover, J

increases with increasing [SA] [Fig. 3 (a)], whereas R; exhibits the opposite trend, increasing as [SA] decreases [Fig. 3 (b)].
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At medium [NH;3] (1.0 x 10'° molecules cm), medium [TFA] (1.0 x 107 molecules cm), and 220 K, R, reaches 46-fold at
low [SA] (7.0 x 10° molecules cm™) [blue dashed line, Fig. 3 (b)]. This highlights that the enhancement of the SA-NH;
nucleation by TFA becomes increasingly significant under low [SA] conditions with effective sulfur emission controls. Both
J and R, increase with increasing [NH;] [Figs. 3 (c) and 3 (d)]. At the low [SA] (7.0 x 10° molecules cm™), medium [TFA]
(1.0 x 107 molecules cm™), R, reaches 55-fold at high [NH;3] (1.0 x 10'' molecules cm™) and 220 K [Fig. 3 (d)]. These
results indicate that the enhancement of SA—NH3 nucleation by TFA can be pronounced in cold regions with high NHj levels,
such as regions affected by agricultural and pastoral emissions or efficient vertical transport of boundary layer NHs.
Additionally, both J and R, increase with increase of [TFA] [Figs. 3 (¢) and 3 (f)]. At low [SA] (7.0 x 10° molecules cm™),
high [NH;3] (1.0 x 10! molecules cm™), R, can be up to 9.5 x 102 at high [TFA] (1.0 x 10® molecules cm™) and 220 K [Fig. 3
()]. These results suggest that TFA strongly enhances SA—NHj3 nucleation in the cold regions with low [SA] but high [NH3]
or [TFA]. These results suggest that SA-NH3;—TFA nucleation may become increasingly relevant under low [SA] conditions
if gas-phase TFA is sufficiently abundant. Quantifying its contribution to NPF and CCN formation, however, requires
observational constraints and regional or global aerosol modeling.

CS varies with the abundance of atmospheric background particles. We therefore further examined J and R, at relatively
low CS of 2.0 x 10 57!, representative of clean areas (Fig. S3). Jat CS = 2.0 x 103 s*! is much higher than that at CS = 2.0 x
102 s”'. For instance, J increases from 9.1 cm™ s to 1.6 x 10 cm™ s7! when CS decreases from 2.0 x 102 s to 2.0 x 103 5!
at [SA] = 7.0x10° molecules cm™, [NH;3] = 1.0 x 10'" molecules cm, [TFA] = 1.0 x 10% molecules cm, and 220 K.
Although R; varies with CS under different temperatures and nucleation precursor concentrations, the variation magnitude is
small (within 5-fold). This indicates the relative enhancement by TFA is less sensitive to CS than the absolute formation rate
within the examined CS range.

Water vapor is ubiquitous in the atmosphere and pressure varies with increasing altitude. They may also influence
atmospheric cluster formation. Our theoretical calculations reveal that variations in relative humidity and pressure have
smaller effects on the calculated SA-NH3;-TFA formation rates than temperatures and precursor concentrations. Details are

provided in the Section S8 of the Supplement.
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Figure 3 Particle formation rates (J, cm™ s!) and enhancement on particle formation rate by TFA (Rj, R/ = Jsa-Nu3-TFa/Jsa-NH3) at
different temperatures and nucleation precursor concentrations. Black, red, and blue lines correspond to the J at 240 K, 230 K, and 220 K,
215  respectively. CS=2.0 x 102 51,
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3.4 Cluster Concentrations and Enhancement

Cluster concentration is another key parameter in the particle formation process. To assess the influence of TFA on cluster
concentrations, we analyzed the cluster concentrations of SA—-NH3;—TFA based nucleation system under different nucleation
precursor concentrations (SA, NH3, and TFA) and temperatures. Concentrations of SA—NH3;-TFA clusters with different
numbers of molecules increase with increasing [SA] [Fig. 4 (a)], [NHs] [Fig. 4 (c)] and [TFA] [Fig. 4 (e)]. For instance, the
concentrations of the smallest clusters with two molecules and the largest clusters with six molecules can be up to 4.4 x 10°
molecules cm™ and 1.1 x 10° molecules cm™, respectively, at high [TFA] (1.0 x 10® molecules cm™) and 240 K [Fig. 4 (¢)].
In addition, cluster concentrations decrease with increasing temperature at the different concentrations of nucleation
precursors. At [TFA] = 1.0 x 10% molecules cm™, the concentration of clusters with two molecules and with six molecules
can increase from 4.4 x 105 molecules cm™ to 2.7 x 10% molecules cm™ and from 1.1 x 10° molecules cm™ to 4.2 x 10*
molecules cm?, respectively, with the temperature decreasing from 240 K to 220 K. These trends indicate that the
contribution of TFA to cluster concentrations becomes more pronounced as temperature decreases. This temperature
dependence is directly relevant to the conditions of the cold boundary layer, where TFA is observationally better constrained
and low-SA/high-NH3 conditions may favor efficient cluster production, and it may also be important under cold upper
tropospheric conditions, where low temperature can strongly stabilize clusters.

The influence of TFA on the cluster concentrations in the SA—NHj3-based nucleation system was further studied [Figs. 4
(b), (d), and (f)]. TFA participation substantially enhances cluster concentrations, with the enhancement (R¢) showing a
negative correlation with [SA] and temperature, and positive correlation with [NH3] and [TFA]. As shown in Fig. 4 (f), TFA
enhances the concentration of the smallest clusters (two-molecule) by up to 4-fold and the largest clusters (six molecule)
clusters by 1.3 x 10*-fold at low [SA] (7.0 x 103 molecules cm™) and temperature (220 K), high [NH3] (1.0 x 10'! molecules
cm?) and [TFA] (1.0 x 10® molecules cm™). This highlights that TFA contributes strongly to cluster abundances in the SA—
NHj3 system, particularly under conditions of low [SA], low temperatures, and high [NH3] or [TFA].

Comparison of results at CS = 2.0 x 102 5! and CS = 2.0 x 102 s! (Fig. S4) shows that cluster concentrations increase
and Rc decreases slightly as CS decreases. The effects of temperature and nucleation precursor concentrations on cluster
concentrations and R¢ at CS = 2.0 x 1073 s7! are largely consistent with those at CS = 2.0 x 102 s”'. These trends indicate that
TFA’s enhancement on cluster concentrations in SA—NHs-based nucleation system is most pronounced in the low

temperature, low [SA] but high [NH3], high [TFA], and high CS cases examined here.
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Figure 4 Cluster concentrations (molecules cm™) and enhancement on concentrations of clusters by TFA (Rc, Rc = Csanus-
tra/Csa-nm3) at different temperatures. CS = 2.0 x 102 57!, (a) and (b): [NH3] = 1.0 x 10'° molecules cm=, [TFA] = 1.0 x 107
molecules cm™. (c) and (d): [SA] = 7.0 x 10° molecules cm™, [TFA] = 1.0 x 107 molecules cm=. (¢) and (f): [SA] = 7.0 x 10°

molecules cm™, [NH3] = 1.0 x 10'! molecules cm™.

3.5 Dominant Cluster Formation Pathways

To clarify the molecular growth mechanism, we simulated the formation pathways of the SA—NH3;-TFA clusters at median
nucleation precursor concentrations and different temperatures (220 K, 230 K, and 240 K). Fig. 5 identifies two main cluster
formation pathways, one involving TFA (blue arrows) and the other excluding TFA (grey arrows). The main cluster
formation pathways are identical at 240 K and 230 K as shown by all the blue and grey arrows, while pathways covered by
the light grey shadow (contribution < 5%) are absent at 220 K. Detailed contributions of each pathway to the corresponding
larger clusters are shown in Fig. S5. The contributions of pathways covered by the light grey shadow to the formation of the

relevant larger clusters are smaller than that of the corresponding alternative pathways at 240 K and 230 K.
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Since the cluster formation pathways with contributions lower than 5% are excluded in Fig. 5, the total contributions as
shown in the Figs. 5 (b) and (c) are not 100%. To clarify the contribution variation trend with temperature, the contributions
lower than 5% of TFA-free pathways are shown in Fig. 5(c). Within the simulated neutral cluster system, contributions of
TFA-involved pathways (the formation pathway of (SA).-(NH3)3-(TFA); cluster, blue histograms) to the main cluster
formation pathways increase from 53% to 93% when the temperature decreases from 240 K to 220 K. Conversely, the
contributions of TFA-free pathways (grey histograms) to the main cluster formation pathways increase with rising
temperature. This occurs because lower temperatures enhance J more strongly in the SA-NH3-TFA system than in the
binary SA-NH3 system, which is in accordance with the increasing enhancement of TFA on SA-NH; nucleation as
temperature decreases (Fig. 3).

We further examined how precursor concentrations affect the relative contributions of TFA-involved and TFA-free
pathways to the main cluster formation pathway. Table S9 shows that contribution variation trends with temperatures of
different cluster formation pathways are the same at different [SA], [NH3], and [TFA]. At a given temperature, the
contribution of cluster formation involving TFA increases with the decrease of [SA] and the increase of [NH3] or [TFA]. In
summary, TFA-containing pathways can dominate the simulated SA-NH3;-TFA growth flux under low temperature, low
[SA], high [NH3], and high [TFA] conditions. This mechanism is directly relevant in the cold boundary layer environments

and may also be relevant to the upper troposphere if sufficient TFA is transported or produced aloft.
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Figure 5 (a) Main cluster formation pathways of SA-NH;-TFA clusters at [SA] = 7.0 x 10° molecules cm™, [NH3] = 1.0 x
10" molecules cm™, and [TFA] = 1.0 x 10% molecules cm™. Blue arrows show the pathways involving TFA and grey arrows
show the pathways without TFA. The pathways covered by the light grey shadow are only present at 240 K and 230 K, but
not present at 220 K. Pathways not shaded in light grey occur at all three temperatures (240 K, 230 K, and 220 K). The
histograms show the contributions of pathways (b) involving TFA and (c¢) without TFA to the main cluster formation

pathway at different temperatures (240 K, 230 K, and 220 K).
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3.6 Atmospheric relevance in the cold boundary layer and upper troposphere

To elucidate the atmospheric relevance of SA—-NH3;—TFA nucleation mechanism, we compare it across two cold atmospheric
environments with different levels of observational constraint. The cold boundary layer represents the more directly
constrained atmospheric setting because TFA has been measured in atmospheric boundary layer. In contrast, the upper
tropospheric analysis aims to assess whether the SA-NH3—TFA mechanism could become important if TFA was present
aloft, given that direct gas-phase TFA measurements in this region are not yet available.

For the cold boundary layer, Fig. 6(a) compares the simulated J of SA-NH3-TFA (red line for [NH3] = 2.0 x 10'°
molecules cm™ and blue line for [NH3] = 5.0 x 10! molecules cm™) nucleation mechanism with that of the well-established
SA-DMA mechanism (black line) under cold polluted boundary layer conditions. Here, the relevance of TFA is more
directly connected to existing observations, because TFA has already been measured in the atmospheric boundary layer.
Under low [SA] (< 1.0 x 10 molecules cm™) and relatively high [NH3], the J of SA-NH3-TFA is slightly higher than that of
SA-DMA at [NH3] = 2.0 x 10'° molecules cm™, and can be up to five times higher when [NH3] = 5.0 x 10'° molecules cm™
and [SA] = 7.0 x 103 molecules cm?. This comparison suggests that the SA-NH3;~TFA nucleation can be competitive with
the SA-DMA nucleation in the cold boundary layer, especially under low [SA] and elevated [NH3] conditions.

For the upper troposphere, Fig. 6(b) compares the simulated J values of the SA-NH3—TFA mechanism (red line) with
those of the SA-NH3-NA mechanism (black line) under selected upper tropospheric sensitivity conditions. Although the J of
SA-NH;3-TFA is slightly lower than that of SA-NH3;—NA at low [NH3], it becomes comparable to or higher than that of SA—
NH;-NA at high [NH3] (> 2.0 x 10° molecules cm™) and prescribed high [TFA] (2.0 x 107 molecules cm=-1.0 x 108
molecules cm™, green areas in Fig. 6(b)). At [NH3] of 1.0 x 10'° molecules cm™, the J of SA-NH;-TFA can be four times
higher than that of SA-NH3;—NA. These results suggest that, if TFA is present aloft at sufficient abundance (higher than 2.0
x 107 molecules cm™), the SA-NH;-TFA pathway can compete with or exceed SA-NH3-NA nucleation in cold upper
troposphere. Even at a considerably low [TFA] of 1.0 x 10° molecules cm™, the J of SA-NH3;-TFA system is still 17 times
higher than that of SA-NH;-NA system an equally low [SA] of 1.0 x 10> molecules cm™ (Fig. S6). These highlight PFCAs
may be previously unrecognized stabilizers in the upper troposphere. These results provide testable hypotheses for assessing
the nucleation potential of TFA in the upper troposphere when TFA is present aloft. Taken together, Fig. 6 illustrates two
distinct interpretations of the SA-NH3—TFA mechanism: one is observationally supported by measured TFA concentrations
in the cold boundary layer, while the other represents as a mechanistically informative low-temperature test for the upper

troposphere, where low temperatures strongly amplify the enhancement provided that gaseous TFA is present.
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Figure 6 Atmospheric relevance of SA-NH3-TFA nucleation across two cold atmospheric environments. (a) Comparison of particle
formation rates (J, cm™ s™) between SA-NH3-TFA and SA-DMA under cold polluted boundary layer conditions as a function of [SA] at
240 K. Blue and red lines show the .J for SA-NH3-TFA at [NH3] = 2.0 x 10'° molecules cm™ and 5.0 x 10'° molecules cm™, respectively.
Black line shows the J for SA-DMA. [TFA] = 1.0 x 108 molecules cm, [DMA] = 1.0 x 10° molecules cm™. (b) Comparison of particle
formation rates (J, cm™ s) between SA-NH3-TFA and SA-NH3-NA under selected upper tropospheric sensitivity conditions as a
function of [NH3] at 223 K. Blue and red lines show the J for SA-NH3-TFA at the concentration of TFA at 1.0 x 10% molecules cm™ and

2.0 x 107 molecules cm, respectively. Black line shows the J for SA-NH3-NA. [SA] = 4.0 x 10° molecules cm3, [NA] = 1.5 x 10°

molecules cm?.

4 Conclusions

In this study, TFA was used as a model PFCA to investigate how a halogenated organic acid influences SA-NH3 nucleation
at the molecular scale. The results show that TFA forms stable cage-like clusters with SA and NH3 through interaction
networks of strong hydrogen bonds and electrostatic interactions arising from proton transfer. Hence, beyond the SA—NHj3
binary nucleation mechanism, the SA-NH3;-TFA ternary mechanism emerges as a particularly critical contributor to the
clustering process.

The thermodynamic stability and kinetic growth tendency of SA-NH3;-TFA clusters increase as temperature decreases.
Accordingly, both the particle formation rates (J) and cluster number concentrations increase under colder conditions. The
enhancement of the J and cluster concentrations (R; and Rc) for SA-NH; nucleation by TFA are stronger at lower
temperatures and lower [SA], but increase with [NH;] and [TFA]. The R; and R¢ can be up to 9.5 x 10%-fold and 1.3 x 10°-
fold, respectively, and the contribution of the SA-NH3—TFA ternary nucleation mechanism to the main clustering pathways
can be up to 93% at 220 K under conditions of low [SA], high [NH3], and high [TFA] conditions. Thus, under the cold
atmospheric scenarios considered here, TFA can significantly enhance and extensively participate under the SA-NHj3
nucleation, particularly at low [SA], and elevated [NH3] and [TFA]. The mechanism has different levels of atmospheric
support in different cold atmospheric environments. It is directly relevant in the cold boundary layer, where TFA has been
observed. In the upper troposphere, the results represent a robust mechanistic low-temperature sensitivity tests that

demonstrates how strongly low temperatures amplify TFA-assisted nucleation, should TFA be present aloft. Several
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limitations define the scope of inference of this study. First, TFA is used here as a model PFCA rather than as a
concentration-based proxy for all PFCAs, because individual PFCAs differ in abundance, transport, and chemical formation.
Second, this study identifies nucleation potential and its dependence on temperatures and precursor concentrations, but it
does not quantify the net contribution of this mechanism to regional or global atmospheric particulates and CCN budgets.
Overall, this work provides molecular-level evidence that TFA, as a representative model PFCA, can efficiently
stabilize SA-NH; cluster and enhance nucleation under cold atmospheric conditions. The findings extend current
understanding of acid enhanced atmospheric clustering involving halogenated organic acids and provide testable hypotheses
for future measurements and chamber experiments. Future work should prioritize chamber studies under controlled low
temperatures, simultanecous field measurements of gas phase TFA, SA, NHj;, and particles in cold boundary-layer
environments, direct measurements of gas phase TFA and related PFCAs aloft, and regional or global aerosol modeling to

evaluate whether this mechanism contributes measurably to atmospheric NPF and CCN populations.
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