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Computational details — Dataset preparation
Monomer input dataset

The library of 76 molecular monomers utilized in this study was identical to that reported in our previous
work.! In general, the library included medium-size polycyclic aromatic hydrocarbons (anthracene,
pyrene, and perylene) and their nitrogen-doped derivatives functionalized by various electron-donating
or electron-withdrawing groups at the synthetically relevant positions. Each monomer was represented
using three complementary descriptor sets capturing molecular-level, atom-wise, and bond-wise
properties, with the latter two partially inspired by Jia et al.?

At the molecular level, 40 descriptors were considered, combining both integer- and float-valued
guantities. The complete list of descriptors together with their feature families used for XAl analysis is
provided in Table 1. Based on the methodology used for feature generation, the descriptors can be
divided into three categories:

e descriptors derived directly from the initial SMILES-generated structures, primarily using
RDK:it,? or from RDKit-generated geometries (radius of gyration, asphericity, and prolateness);

e descriptors evaluated at the ®B97XD/def2-TZVP level of theory*® in vacuum following
geometry optimization employing a smaller def2-SVP basis set;

e descriptors analogous to category (2), but evaluated for dichloromethane (DCM) solvent
environment using the SMD solvation model® with a solvent-excluded surface.

All quantum-mechanical (QM) calculations were performed using Gaussian16,’ except for excited state
computations which were performed at the ®B97X-D3/def2-TZVP level of theory*® using simplified
Tamm-Dancoff (sSTDA) approach® in ORCA 5.0.3.1%1 The bright state was defined as the lowest-energy
excited state with an oscillator strength greater than 0.1. The radius of gyration (R,), asphericity (4),
and prolateness (S) were evaluated from the eigenvalues of the moment of inertia tensor (I) according
to following relations:
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wherei = 1,2,3 and M is the molecular mass.

Atom-wise descriptors were generated analogously to the molecular descriptors, with the addition of
selected MMFF96 parameters'?4 following automatic RDKit atom-type attribution. These descriptors
are summarized in Table 2. Quantum-mechanical partial charges were obtained using the CHelpG
scheme?® at the ®B97XD/def2-TZVP level of theory using geometries optimized at the ®B97XD/def2-
SVP level. Bond-wise descriptors were generated in a similar manner and are summarized in Table 3.

Table 1. Molecular-level descriptors of monomers included in the dataset. Descriptor families are
indicated by superscript letters and defined in the table footnote. Here, S1 and Sprign: denote the So—S1
and So—Skright €lectronic transitions, respectively.

SMILES-based features QM vacuum properties QM solute properties
(1-11) (12-25) (26-40)

Number of atoms? Radius of gyration® [A] Radius of gyration® [A]

Number of bonds? Asphericity®© Asphericity®

Molecular weight? [g/mol] Prolateness® Prolateness®

Logarithm of the partition coefficient*  Enomo® [eV] Enomo® [eV]

Number of rotatable bonds? ELumo® [eV] ELumo® [eV]

Number of H-bond donors? IP¢ [eV] 1P¢ [eV]

Number of H-bond acceptors? EA° [eV] EAS [eV]

Number of rings within molecule? S1 vertical excitation energy [eV] Solvation energy® [kcal/mol]

Radius of gyration® [A] S; oscillator strengthd [au] Ss vertical excitation energy [eV]

Asphericity® S1 HOMO—LUMO contributiond S1 oscillator strength’ [au]

Prolateness® Shright Vertical excitation energy? [eV] ~ S1 HOMO—LUMO contribution
Shright 0scillator strength? [au] Shwright Vertical excitation energy’ [eV]
Shright State number? Shright oscillator strength’ [au]

Shrigt HOMO—LUMO contribution®  Shright State number?
Shrigt HOMO—LUMO contribution
a Counts/topology; ® Global shape; ¢ Orbital/energy (vacuum); ¢ Excited state (vacuum); ¢ Orbital/energy (solvent); f Excited
state (solvent)

Table 2. Atom-level descriptors of monomers included in the dataset. Descriptor families are
indicated by superscript letters and defined in the table footnote.

SMILES-based features MMFF96 features® QM vacuum properties®
(1-5) (6-11) (12-13)
Atom number? Atomic polarizability a; [A%] Partial charge [au]
Number of directly bonded neighbors®  Effective-electron number N, Distance from center of mass [nm]
- QM solute properties?
a
Aromaticity A, scale factor (14-15)
Hybridization? G, scale factor Partial charge [au]
Distance from center of mass® [nm] I[\gl‘l]mmum-vdw-energy separation Ry, Distance from center of mass [nm]

Partial charge [au]
a Atom identity/valence; ® Atom geometry/MMFF; ¢ Atom QM (vacuum); ¢ Atom QM (solvent)




Table 3. Bond-level descriptors of monomers included in the dataset. Descriptor families are indicated
by superscript letters and defined in the table footnote.

SMILES-based features® MMPFF96 features® QM vacuum properties®
(1-5) (6-7) 8)

Bond type Bond stretching force constant [md/A]  Optimized bond length [A]

1 C
Is aromatic Equilibrium bond length [A] oi solut((egr;ropertles
Is conjugated Optimized bond length [A]
Isinring
Bond order

2 Bond topology;  Bond MMFF; ¢ Bond QM

Aggregate output dataset

Based on the criterion Egomo (B) < Exomo(4) < ELymo(B) < ELymo(A) evaluated in vacuum at the
®B97XD/def2-SVP level, 2445 unique donor—acceptor (D—A) molecular pairs were selected for
analysis. Five pairs were subsequently excluded due to convergence issues of output descriptors.

For each pair, the molecular geometry was optimized using a three-step procedure. First, an initial
conformational search was performed using an in-house code. The resulting structures were
subsequently used as input for the CREST workflow.'® The lowest-energy conformer obtained from
CREST was then subjected to DFTB optimization in dichloromethane (DCM) solvent using DFTB+.Y/
The DFTB3 OB3 parameter set'®® together with the COSMO solvation model including solvent
accessible surface area contributions was utilized. The optimized geometries of the neutral systems were
verified by frequency analysis to confirm the absence of imaginary frequencies and subsequently served
as starting structures for optimization of the ionized systems.

The selected output descriptors are summarized in Table 4. The first eight descriptors can be divided
into two groups of four associated with the So — S; vertical excitation and the bright excited state,
respectively. The bright state was defined as the lowest-energy excited state with the oscillator strength
greater than 0.1. If no such state was identified below 4.5 eV, the oscillator-strength threshold was
iteratively reduced by a factor of 0.75 until a qualifying state was found. In addition to the excitation
energy and oscillator strength, descriptors characterizing the nature of the electronic transition were also
evaluated. These transitions were classified as predominantly local excitation (LE) or charge-transfer
(CT) in character using fragment-based analysis of correlated electron-hole pairs, as introduced by
Plasser et al.?*-22 and implemented in the TheoDORE program.? The corresponding omega matrices ()
were used to classify the transitions as predominantly: (1) A—A (LE), (2) A—B (CT), (3) B—A (CT),
or (4) B—B (LE), together with the associated value of Q3! .. ... The omega matrices were
normalized according to Q% =¥, p 09% = 1. Excited-state properties were evaluated at the sTDA-
®B97X-D3/def2-TZVP level of theory using the SMD solvation model with solvent excluded surface
for DCM in ORCA 5.0.3. Only singlet excited states were considered.

The following three binary descriptors (0/1) characterize donor and acceptor aggregation preferences.
These descriptors were determined by comparing Boltzmann populations at 298.15 K for the following
aggregation scenarios:

o Formation of either separate AA and BB aggregates (0) or two AB aggregates (1);

e Formation of two AB aggregates and an isolated A monomer (0) versus formation of one AB
aggregate, one AA aggregate, and an isolated B monomer (1);

o Formation of two AB aggregates and an isolated B monomer (0) versus formation of one AB
aggregate, one BB aggregate, and an isolated A monomer (1).



The energies of all aggregates and monomers were evaluated at the ©®B97XD/def2-SVP/SMD(DCM)
level of theory with solvent excluded surface using Gaussian16 on DFTB-optimized geometries.
Gibbs free energies additionally included vibrational corrections evaluated at the DFTB level.

Finally, the last two regression targets correspond to the adiabatic electron affinity and ionization
potential of the D—A aggregate, excluding vibrational contributions.

Table 4. Output descriptors of D—A aggregates included in the dataset.

Name Abbreviation Description Prediction type
S1_Excitation_Energy S1E So — S1 vertical excitation energy [eV] Regression
S1_Oscillator_Strength Sif So — S1 oscillator strength Regression
S1_Character S1 char So — S1 dominant character class Classification
S1_Dominant_Omega S1Q Q of the So — S1 character class Regression
BS_Excitation_Energy BSE Bright state vertical excitation energy [eV] Regression
BS_Oscillator_Strength BS f Bright state oscillator strength Regression
BS_Character BS char Sbright dominant character class Classification
BS_Dominant_Omega BS Q Q of the bright state character class Regression
AB+AB_AA+BB AB Mix Preference for Donor-Acceptor stacking Binary
AB+AB+A_AB+AA+B A transfer Preference for Donor-rich stacking Binary
AB+AB+B_AB+BB+A B transfer Preference for Acceptor-rich stacking Binary
EA EA Electron affinity [eV] Regression
IP IP lonization potential [eV] Regression
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