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Simulation details

The initial bulk structure of Tripl was created by stacking 8, 9, and 4 unit cells of the
crystal structure in the x, y; and z directions, respectively, including a total of 576 molecules
(Figure S1). To construct the bulk structure with neighboring molecules in an antiparallel
alignment, one molecule in the unit cell was inverted, and the same procedure was applied.
The initial structures of Trip2 and Trip3 were constructed by replacing the corresponding
molecules in the initial structure of Tripl with those of Trip2 and Trip3, respectively. For the
initial thin film structures, monolayers were constructed by placing 8 and 9 unit cells in the x
and y directions, respectively, yielding 144 triptycene derivatives per monolayer. Thin films
of 2, 3, and 4 layers were created by stacking these monolayers in the z direction, with 5 nm
thick blank cells placed above and below these layers. Tables S1 and S2 summarize the
parameters specifying the dimensions and shape of the initial MD simulation cell for the bulk
system and thin films with 1-4 layers, respectively.

The initial structures of the monolayers of Trip1, Trip2, and Trip3 aligned in parallel and
antiparallel arrangements placed at the interface of an SiO2 layer were prepared according to
the procedure described above, and the SiO: substrate was generated based on previous
reportsS2831 The substrate contained 2530, 506, and 506 units of SiO2, SiO2(OH), and SiO(OH),
respectively, with a thickness of 1.9912 nm. In the substrate-based systems, the monolayers
were also sandwiched between two 5 nm thick blank cells, and the dimensions and shape

parameters of the initial MD simulation cell are listed in Tables S3 and S4.



All-atom molecular dynamics (MD) simulations were performed using GROMACS 2020.5,
which is a free program for fast and large-scale simulations. For the force field parameters used
to calculate the intra- and intermolecular interactions of Tripl, Trip2, and Trip3, the
generalized Amber force field®¥ parameters, which are widely used for accurate MD
simulations of diverse systems, were applied. The Clay force field parameters™! were used for
the Si and O atoms in the solid substrate. The partial atomic charges of the simulated triptycene
derivatives were obtained using the restrained electrostatic potential (RESP) method, based
on single point density functional theory (DFT) calculations performed with the Gaussian 16
revision CO1 packagels” at the B3LYP/6-31G(d,p) level of theory.

MD simulations for the molecular assemblies on the SiO:2 substrate were conducted under
NVT ensemble. For both the bulk and thin-film systems, except for the stair-stepping trilayers
on the SiO: substrate, pre-equilibration runs consisted of 5 ns NVT ensemble simulations at
250 K and 300 K, conducted sequentially. The temperature was kept using the Berendsen
thermostat's], respectively, with relaxation times of 0.2 ps. Following pre-equilibration, 100 ns
equilibration runs at 300 K were carried out using the Nosé-Hoover thermostat,’$*S1% with
relaxation times of 1.0 ps. The volume of the MD cell was fixed during both pre-equilibration
and equilibration simulations. For the stair-stepping trilayers on the SiO, substrate, pre-
equilibration runs were successively performed for 5 ns at 300 K and 400 K, followed by an
equilibration run for 1,000 ns at 400 K. For all simulations, the time step was set to 2 fs and all
covalent bonds connected to hydrogen atoms were constrained using the LINCS algorithm/5!,

Long-range electrostatic interactions were treated using the smooth particle mesh Ewald



method with a real-space cutoff of 1.2 nm and a Fourier spacing of 0.30 nm. The cutoff for the
van der Waals interactions was set to 1.2 nm.
To compare the temperature dependence of thermal stability, we calculated B-factors$'?,

which represent thermal atomic fluctuations, as expressed below:

8
B = §T[2Ai2 (1)

where A; is the root-mean-square fluctuations (RMSF) of atom i. The RMSF values are

estimated using the following equation:

T
1
A= ?Zh(tj) -7’ ©)
=1

where T is the number of steps, ri(tj) is the position coordinate of atom i at time t;, and 7; is
the average position atom i during T. The RMSF values were analyzed from MD simulation

trajectories during the last 5 ns of the 100 ns equilibration.



Initial structures for the simulated systems
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Figure S1. Initial structures of the bulk structure created by stacking 8, 9, and 4 unit cells of
the crystal structure with respect to the x, y, and z directions, respectively. While the molecules

in the bulk structure shown in the top are aligned in parallel, those shown in the bottom are

aligned in antiparallel.
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Figure S2. Initial structures of monolayer, 2 layers, 3 layers, and 4 layers colored by cyan,
magenta, yellow, and pink. Monolayer was constructed by placing 8 and 9 unit cells in the
same plane with respect to the x and y directions, respectively, and 2, 3, and 4 layers films
were created by stacking monolayers in the z direction. 5 nm thick blank cells were placed

above and below films.



Parameters specifying the initial MD simulation cells

Table S1. Parameters specifying the dimensions and shape of the initial MD simulation cell

for the bulk system.
a (nm) b (nm) ¢ (nm) a (deg.) B (deg.) y (deg.)
11.1443 7.2184 8.8684 90.00 100.28 90.00

Table S2. Parameters specifying the dimensions and shape of the initial MD simulation cell

for thin films with 1-4 layers.

N‘fg/‘;?; of 4mm)  bmm)  c(m)  a(deg) B(deg)  y(deg)
1 111443  7.2184 122171 90.00  100.28  90.00
2 111443  7.2184 144342  90.00  100.28  90.00
3 111443  7.2184 166513  90.00  100.28  90.00
4 111443  7.2184  18.8684  90.00  100.28  90.00

Table S3. Parameters specifying the dimensions and shape of the initial MD simulation cell

for a monolayer on an SiO, substrate.

a (nm) b (nm) ¢ (nm) a (deg.) B (deg.) y (deg.)
11.4494 7.6428 14.0000 90.000 90.000 90.00

Table S4. Parameters specifying the dimensions and shape of the initial MD simulation cell

for a stair-stepping trilayer on an SiO; substrate.

a (nm) b (nm) ¢ (nm) a (deg.) B (deg.) y (deg.)
11.4494 7.6428 19.0000 90.000 90.000 90.00




MD simulation snapshots for the simulated systems
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Figure S3. MD simulation snapshots with color-coded B-factor distributions for parallel (left)
and antiparallel (right) molecular alignment systems of Trip2 and Trip3 after the 100 ns
equilibration run at 300 K. Atoms are color-coded using a rainbow scale for values of B-factor

ranging from 0 to 40 A%, while all values exceeding 40 are represented in red.
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Figure S4. MD simulation snapshots of the stair-stepping trilayer of Tripl on the SiO,
substrate during the annealing process. (left) Side views of the entire trilayer and substrate,

and (right) top views focusing on the triptycene moieties within the upper two layers.



Hexatic order parameter

The hexatic order parameter 4 (1) at a given time is defined as

6

Ye(ry) = lz e'0%ki (i)
6

j=1

where the triptycene molecule j is one of the six nearest neighbors of molecule k within 0.9
nm, and 6y ;(ry) is the angle between a reference axis e and the vector connecting molecules
k and j.

Figure S5. Schematic illustration showing molecule k, its six nearest neighbors, the reference

axis e, and the angle 6, (1) between e and the vector connecting molecules k and j.
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