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1. Computational details

1.1.  Electronic structure calculations

Quantum chemistry calculations were carried out using DFT, which incorporates the effects
of electronic exchange and correlation in the molecular systems analyzed. The long-range
corrected hybrid method ®B97X-D'-? with the def2-TZVP?3 basis set was employed, as this
methodology has been previously validated by our research group.* DFT calculations were
performed using the Gaussian 16 3 software. The stability of the wave function (WF) was
tested by applying the stable=opt option in Gaussian 16, with all systems showing stable
wave functions under the perturbations considered. A harmonic vibrational analysis was
conducted to ensure that both the reactants and products corresponded to minimum on the
potential energy surface (PES), and to identify the transition state (TS) as a first-order
saddle point with a single imaginary frequency. DFT-based global and local reactivity
descriptors were obtained using the operational formulas proposed by Parr et al.® In this
regard, the Fukui function was calculated as an electron density difference:

fr(r)= PN(T) - PN_ 1(7’) and [ * (r)= PN * 1(7") - PN(T). To obtain the condensed Fukui

. t . . . .
function for atoms, /'~ () was integrated over the atomic basins provided by the
topological analysis of electron density in the reference system, such that

T= rEmar

4 , where W, represents the spatial atomic domain of atom A. The

integration of f * () was performed using the Multiwfn 3.57 program. Lastly, rate
constants were determined using conventional transition state theory (TST).® Electronic
energies entering the kinetic calculations were refined by single-point calculations at the
DLPNO-CCSD(T)-F12%°/cc-pVDZ-F12 level of theory. Rate constants were computed
using the KiSThelP program,’ where quantum tunneling effects were included through
Wigner corrections in all cases. To assess the reliability of the adopted kinetic protocol,
benchmark calculations were performed for representative Criegee intermediate reactions
with water and formaldehyde previously investigated by Truhlar and co-workers using
high-level theoretical methods.®!:%2 The rate constants obtained with the present approach
reproduce the reference values within the same order of magnitude for all benchmark
reactions, with the largest deviation of CI + water reaction being approximately a factor of
0.4, which lies within the expected uncertainty range for atmospheric kinetic calculations
(see Table S1 for more details).

1.2. Simulation of self-aggregation of small molecules at low density

The kinetically and thermodynamically favored SOAs were simulated individually in 300
A x 300 A x 300 A cubic boxes. The initial coordinates were generated using the Packmol
software.!® Within each box, 300 molecules of each compound were distributed in a
centered 100 A sphere, separated by at least 3 A. The environment was supplemented with
representative atmospheric gases (N,, O,, and Ar) and 25 water molecules to represent low-
humidity conditions. Partial charges for the SOAs were derived using the RESP method,!!
based on electrostatic potential calculations performed with Gaussian 16 at the ®B97X-
D/def2-TZVP level of theory. Molecular topologies were generated using Antechamber
and Parmchk2 from the AmberTools24 suite with the GAFF force field.'>!> Water
molecules were modeled using the TIP3P model,'* while parameters for N,, O,, and Ar
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were adopted from literature sources.'>-!'¢ The systems were energy-minimized in three
consecutive stages: (i) applying positional restraints of 10 kcal mol-! A2 on the SOA atoms,
(ii) reducing the restraints to 3 kcal mol! A2 and (iii) performing an unrestrained
minimization. Each stage consisted of 5000 cycles of steepest descent followed by 5000
cycles of conjugate gradient minimization. Subsequent simulations were carried out in
Amber24 using pmemd.cuda under NVT conditions.!”!®¥ The molecular dynamics protocol
included four steps: heating from 10 K to 150 K with restraints of 10 kcal mol-! A-2, heating
from 150 K to 243 K with restraints reduced to 5 kcal mol! A-2), free equilibrium at 243 K
with no restraints, dt = 2 fs, and production for 100 ns at 243 K. A Langevin thermostat
with g = 2 ps!, a 10 A cutoff for nonbonding interactions, and wrapped coordinates
(iwrap=1) was employed.

The center of mass of each SOA was calculated in all frames of the trajectory. Hierarchical
clustering was applied to the last frame with a distance criterion of 4.0 A between centers
of mass. Persistent clusters were identified, their structures extracted, and their temporal
evolution analyzed. The NVT ensemble was selected to maintain constant temperature and
volume, ensuring fixed supersaturation and boundary conditions during cluster formation.
This approach is widely applied in nucleation studies, in condensed and vapor phases.!®2!
In NVT, the absence of volume fluctuations allows precise control of the thermodynamic
state and facilitates direct comparisons between systems. However, its closed nature
inherently reduces the number of free monomers over time, leading to an apparent
stationary phase in cluster growth that reflects depletion effects rather than a true steady
state, in contrast to open atmospheric conditions. It has been previously pointed out that the
application of barostats in systems with low density or inhomogeneous distribution can
induce artifacts, such as unphysical volume fluctuations or destabilization of incipient
structures.?> Consequently, the use of NVT allows for the preservation of a
thermodynamically coherent environment and avoids external influences that could disrupt
the observed molecular aggregation process.
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2. Additional computational results

2.1 Comparative analysis of rate constant calculation

To further benchmark and validate the accuracy of our computational protocol, we
reproduced well-established reference reactions involving Criegee intermediates for which
reliable high-level theoretical data are available. Specifically, we recalculated the
bimolecular reactions of CH,O00, syn-CH3;CHOO, and anti-CH3;CHOO with as well as the
CH,OO + HCHO reaction.’’*2 These reactions were chosen because they represent
prototypical Criegee intermediate processes and have been extensively characterized using
high-level electronic structure methods. The comparison between our calculated rate
constants and the reference values is summarized in Table S1. In all cases, the rate constants
obtained with our model fall within the same order of magnitude as the benchmark data.
The largest deviation corresponds to the CH,OO + HCHO reaction (6.20 x 10-!! vs. 1.04 x
10-'' cm?® molecule™ s™!), whereas for water-involved reactions the largest deviation was
found to be by a factor of 0.4 (Syn + H,0). These results provide strong support for the
reliability of the present ®B97X-D/def2-TZVP//DLPNO-CCSD(T)-F12/cc-pVDZ-F12 +
TST/Wigner protocol in predicting rate constants for Criegee intermediate-driven
atmospheric reactions.

Table S1. Rate constants calculated at the wB97X-D/def2-TZVP//DLPNO-CCSD(T)-F12/cc-
pVDZ-F12 level of theory using TST with Wigner tunneling corrections, compared with reference
values reported by Truhlar and co-workers. All values are calculated at 298 K and are in cm3
molecules! sl

Reaction Keer Keate Keate/krer
CH,00 + H,0 2.41 x 1016 1.69 x 1016 | 0.7
Syn-CH;CHOO + H,0 1.90x 101 | 7.70x 102 | 0.4
Anti-CH;CHOO + H,O | 521x10"% |3.04x107" | 0.6
CH,00 + HCHO 6.20 x 107! 1.04x 10" | 0.2
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2.2 Nucleation capacity of cloud condensation nuclei precursors (CCN) by dynamics
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Figure S1: Shows the thermal and energy evolution of the simulated systems. The left panel illustrates the
evolution of temperature, while the right panel displays the total energy for systems P1 (a), P2 (b), P5 (c), and
P6 (d) throughout the simulations. Each profile covers the heating steps during the pre-production phase and

sS4



continues up to 100 ns of production. The early stabilization of both total energy and temperature indicates that
the system is balanced, making it suitable for subsequent analysis of aggregation and condensation.
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