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Simulation and Computational Details
1. Force field validation
The bonded and non-bonded interaction parameters of mCPCN, DMAC-TRZ and
mCP were built from the general Amber force field (GAFF).! The missing bonded
parameters for mCPCN and mCP were taken from the work reported by Muccioli et
al.> The RESP charges were used as partial charges.? Firstly, the force field
parameters were validated by comparing the MM-optimized molecular geometries
with the geometries obtained by DFT or MP2 methods and the X-ray crystallographic
geometry. The results indicate that the GAFF can well reproduce the experimental
and quantum-chemistry geometries (see Figure S1 and Tables S1-S4).4

Subsequently, isothermal-isobaric (NPT) MD simulations were performed on a
5x5x%5 supercell for the mCP crystal. The supercell was equilibrated for 2.5 ns. In the
simulations, a time step of 1 fs was set for the leap-frog integrator and the temperature
of 300 K and pressure of 1 atm were maintained by the Berendsen thermostat and
barostat, respectively. A cutoff of 1.2 nm for the summation of van der Waals
interaction and Particle-Mesh Ewald solver for long-range Coulomb interactions were
used in the simulations. The results point to that the lattice parameters obtained by
MD simulations with the GAFF are in good agreement with the experimental results

(see Table S2).4

2. Vapor deposition

2.1 Substrates construction

The initial substrates were constructed by cleaving the mCP crystal along the (100),
(010), and (001) crystallographic planes, respectively. To construct slab models for
deposition, the unit cell was replicated to build 8x5%3, 6x10x3, 10x8%2 supercells for
the (100), (010) and (001) substrate surfaces, respectively. The z-direction lattice of
each slab was elongated to about 20 nm to form a vacuum layer for deposition. These
supercells were then fully equilibrated at room temperature (300 K) using the NVT
ensemble and three-dimension periodic boundary condition. The molecules in the

middle layer of the substrate remain stable during thermal relaxation, indicating that
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the thickness (ca. 5.0 nm) of those slabs is large enough.

2.2 Vapor deposition process

The vapor-phase deposition process is similar to that used previously by Muccioli et
al and by our group.>® One host or emitter molecule was deposited every 100 ps
within a 2 nm height from the top of the relaxed substrate or previously deposited
molecules. This process was repeated until a total of 1500 emitter and host molecules
were deposited to form a final thin film. Since the deposited molecules only interact
with the surface molecules of the substrate but have little influence on the bottom
molecule, the positions of the molecules in the bottom layer of the substrate were
frozen while the other substrate molecules and deposited molecules were allowed to
fully relax in the MD simulations. Each step of the deposition was carried out at 400
K using the leap-frog integrator under the canonical (NVT) ensemble employing the
V-rescale thermostat and time step of 1 fs. A cutoff of 1.2 nm was used for the
summation of van der Waals (vdW) interaction and the particle-mesh Ewald (PME)
approach for long-range Coulomb interaction. The final thin films were generated
with the emitter:host mole ratio of nearly 1:9, corresponding to the 12% weight
concentration for the emitter. After deposition of all molecules, the system was fully
relaxed under the NVT ensemble at 400 K for 10 ns, then annealed to 300 K within
2.5 ns, and finally equilibrated at 300 K for 15 ns with the last 10 ns used to extract

the data for analysis.

3. High temperature annealing

We also simulated the blending morphology of host and emitter molecules via high
temperature annealing (i.e., without substrate) by the following steps (see Figure S2):
(1) randomly placing 1500 molecules (the mole ratio of emitter vs host is nearly 1:9,
corresponding to 12 wt% doped concentration) into a large box (25x25%25 nm?) to
generate an initial model using the Packmol package’ (seeding); (ii) performing NPT
simulation for 5 ns under 600 K and 100 bar to make molecules close together
(compression); (iii) equilibration under 600 K and 1 bar for 10 ns, then cooling from

600 K down to 300 K gradually within 3 ns (thermal annealing); (iv) equilibration at
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300 K and 1 bar for 20 ns (equilibration). Five independent samples were simulated
for statistical analysis. The final box size is ca. 10.28 nm in three dimensions.

4. Surface energy

Surface energy is an important parameter for measuring the surface stabilities of
materials.®10 It can be evaluated by using the total energy of the slab (Es) and the

supercell (E7) according to the following equation:
E=(E;—E;)/24 (S1)

where A4 is the cross-sectional area of the surface. The values of Eg and Er can be
obtained via EM or MD simulations. For simplicity, the slab and supercell should

have the same number of molecules.
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Figure S1. Illustration of bonds, angles, and dihedrals used for comparison in mCP,
mCPCN, and DMAC-TRZ.

Seeding Compression Thermal annealing Equilibration

Figure S2 Workflow of simulating the blending morphologies by high temperature
annealing. Red vdW and transparent licorice drawings represent DMAC-TRZ and
mCPCN, respectively.
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Figure S3. TDDFT-calculated energy difference between S; and T; (AEsr) as a
function of the torsion angle (¢) between the electron-donating and
electron-withdrawing units for DMAC-TRZ.
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Figure S4. TDDFT-calculated transition dipole moment (n) as a function of the
torsion angle (¢) between the electron-donating and electron-withdrawing units for
DMAC-TRZ.
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Figure SS. TDDFT-B3LYP/6-31G**-calculated natural transition orbitals (lower:
hole, upper: electron) for the Sy—S; and Sy—T; excitations based on the geometric
structures with the torsion angle of 90° and 60° or 120°. CT components are also
listed.
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Figure S6. Top and side views of the upper layers of the (100) surface: (a) initial
structure; (b) after EM and 2.5 ns equilibration (NVT); (c) after deposition of host and
emitter molecules.
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Figure S7. Top and side views of the upper layers of the (010) surface: (a) initial
structure; (b) after EM and 2.5 ns equilibration (NVT); (c¢) after depositions of host
and emitter molecules.
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Figure S8. Top and side views of the upper layers of the (001) surface: (a) initial
structure; (b) after EM and 2.5 ns equilibration (NVT); (c¢) after depositions of host
and emitter molecules.
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Figure S9. Calculated surface energies (SE) via energy minimization (EM) and NVT
equilibration and adhesion energies (AE) via EM for the studied mCP surfaces.
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Figure S10. Evolutions of molecular sites on the (100) surface at the early deposition
stage. The number of deposited host and emitter molecules is shown. Red and green
colors represent the emitter and host molecules, respectively.
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Figure S11. Evolutions of molecular sites on the (010) surface at the early deposition
stage. The number of deposited host and emitter molecules is shown. Red and green
colors represent the emitter and host molecules, respectively.
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Figure S12. Evolutions of molecular sites on the (001) surface at the early deposition
stage. The number of deposited host and emitter molecules is shown. Red and green
colors represent the emitter and host molecules, respectively.
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Figure S13. Distributions of the angles from the host A2 axis to the coordinate axes
for the deposited films on (a) the (100) surface, (b) the (010) surface, and (c) the (001)
surface as well as (d) the blending mixture obtained by high temperature annealing.
The z-direction corresponds to the substrate normal direction.
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Figure S14. Scatter plots of the transition dipole moments (u) vs the torsion angles
(p) between the electron-donating and electron-withdrawing units for the emitter
molecules extracted from the deposited films on (a) the (100) surface, (b) the (010)
surface, and (c) the (001) surface as well as (d) the blending mixture obtained by high
temperature annealing. Five samples are represented by different colors.
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Table S1. Comparison of selected bond lengths, bond angles, and dihedral angles for
an isolated mCP molecule optimized by MM, DFT, and MP2 methods as well as
measured by X-ray diffraction.*

Bond length (A)
1-3 2-3 3-4 8-9 9-10 9-11
GAFF 1.40 1.40 1.39 1.39 1.40 1.40
DFT 1.40 1.40 1.42 1.42 1.40 1.40
MP2 1.39 1.39 1.41 1.41 1.39 1.39
Exp. 1.39 1.40 1.43 1.42 1.40 1.41
Bond angle (degree)
1-3-2 1-3-4 2-3-4 345 346 6-89 7-8-9 8-9-10 8-9-11 10-9-11
GAFF 112.1 1239 123.8 120.8 1193 1193 120.8 123.8 1239 112.1
DFT 1084 125.7 1259 120.2 1199 1199 1202 1259 125.7 108.4
MP2 108.8 125.5 1257 1199 119.5 119.5 1199 1257 125.5 108.8
Exp. 108.7 1243 126.5 1192 1199 1204 1199 1258 125.6 108.4
Dihedral angle (degree)
1-3-4-5 6-8-9-10
GAFF 51.6 59.5
DFT 54.7 54.1
MP2 53.4 51.4
Exp. 62.1 43.4

Table S2. Lattice parameters of a unit cell for mCP obtained by NPT simulations with
the GAFF compared with the experimental measurement.*

Exp. GAFF Deviation
a(A) 9.07 9.13 0.66%
b (A) 12.50 12.58 0.64%
c(A) 19.04 19.16 0.63%
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Table S3. Comparison of selected bond lengths, bond angles and dihedral angles for
an isolated mCPCN molecule optimized by MM, DFT, and MP2 methods.

Bond length (A)
1-3 2-3 3-4 8-9 9-10 9-11 12-13
GAFF 1.41 1.41 1.40 1.41 1.41 1.41 1.44
DFT 1.40 1.40 1.42 1.42 1.40 1.39 1.43
MP2 1.39 1.40 1.41 1.41 1.39 1.39 1.43
Bond angle (degree)
1-3-2 1-34 2-34 345 346 689 7-89 8-9-10 89-1 10-9-1
1 1
GAFF 106.7 126.7 126.8 1204 1203 120.3 1199 126.7 126.6 106.8
DFT 108.4 125.7 1259 1203 1199 119.7 120.1 125.8 1256 108.6
MP2 108.8 1255 1257 1200 119.6 1194 119.8 125.7 125.5 108.8
Dihedral angle (degree)
1-3-4-6 6-8-9-10
GAFF 123.5 60.5
DFT 123.0 61.9
MP2 127.8 53.0

Table S4. Comparison of selected bond lengths and dihedral angles for an isolated
DMAC-TRZ molecule optimized by MM, DFT, and MP2 methods.

Bond length (A)
1-3 2-3 3-4 9-10 12-13 16-17
GAFF 1.37 1.36 1.35 1.43 1.43 1.43
DFT 1.40 1.40 1.43 1.48 1.48 1.48
MP2 1.40 1.40 1.42 1.48 1.48 1.48
Dihedral angle (degree)
1-3-4-5 7-9-10-11 11-12-13-14 15-16-17-18
GAFF 92.6 0.4 0.0 0.5
DFT 90.0 0.0 0.0 0.0
MP2 90.0 0.0 0.0 0.0
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