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Methods 

- Brownian one-particle reconstruction of synthesized Pt nanoparticles: Graphene liquid 

cell was fabricated by encapsulating the synthesized Pt nanoparticle solution in two graphene-

supported transmission electron microscopy (TEM) grid.1 In situ movies of Pt nanoparticles in 

liquid were obtained with TEAM I, an FEI Titan 80/300 TEM equipped with a post-specimen 

geometric- and chromatic-aberration corrector and Gatan K2 IS direct electron detector. 

Thousands of images with high temporal (400 frames/s) and spatial (0.358 Å pixel size) 

resolution were acquired at a dose rate of ~15 e- /Å2 ∙frame with an acceleration voltage of 300 

kV. Pt nanoparticles showed tumbled dynamics in solution, which resulted in varying lattice 

information in a series of TEM images.1, 2 TEM movies of synthesized Pt nanoparticles were 

applied to 3D SINGLE (Structure Identification of Nanoparticles by Graphene Liquid cell 

Electron microscopy) based on SIMPLE/PRIME algorithm for ab-initio 3D reconstruction of 

a single particle protein structure.2-4 Then 3D density maps were obtained. 3D coordinates of 

constituent individual atoms were assigned to local maxima in density maps. The 3D density 

maps and atom position maps for the six nanoparticles studied here can be found in the previous 

publication.2 

 

- Computational details: We utilized first-principles density functional theory (DFT) 

calculations as implemented in Vienna ab-initio simulation package (VASP)5-8 with Perdew-

Burke Ernzerhof (PBE) generalized gradient approximation (GGA)9 exchange-correlation 

functional and projector-augmented wave (PAW)10,11 pseudopotentials. Basic plane waves were 

expanded with a cutoff energy of 400 eV. We included van der Waals (vdW) interaction with 

DFT-D3 method by Grimme.12 Only Γ-point scheme was used for calculations. The vacuum 
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space was imposed to secure 10 Å within periodic images for each system. The adsorption 

energy (𝐸𝐸ads) was calculated with equation below: 

 𝐸𝐸ads = 𝐸𝐸*PVP – (𝐸𝐸* +𝐸𝐸PVP) (1) 

The vdW interaction energy portion of adsorption energy, Evdw is calculated with the same 

equation (1) using Evasp correction value in VASP output file. The short-range direct bonding 

energy Ebind is derived by subtracting Evdw from Eads. 

 

- Calculation for CN and 𝐂𝐂𝐂𝐂����: CN of an atom of interest in fcc nanoparticles is calculated as 

the number of neighboring atoms within specific distance 𝑑𝑑 that is presented in equation (2): 

 𝑑𝑑 =  
𝑑𝑑1 + 𝑑𝑑2

2
 (2) 

, where d1 and d2 are distance from an atom of interest to first and second nearest neighbor 

atoms, respectively. The d1 and d2 are defined by 

 𝑑𝑑1 =  
𝑎𝑎0
√2

 (3) 

 𝑑𝑑2 = 𝑎𝑎0 (4) 

, where a0 is lattice constant of nanoparticle which is 3.92 Å for Pt. CN���� of an atom i surrounded 

by the first nearest neighbor atoms of j is defined by equation below: 

 CN���� =  �
CN(k)
CNmax

𝑗𝑗

𝑘𝑘=1

 (5) 

 

, where CNmax and CN(k) is the maximum CN of the first nearest neighbor atoms and CN of 
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each first nearest neighbor atom, respectively. 

 

- Symmetry Function and Neural Network: The radial part and the angular part of the 

symmetry function were derived from G2 and G5 functions in Behler 20111413 with the 

following equations. 

For each surface atom or characteristic point i, 

 𝐺𝐺𝑖𝑖2 =  �𝑒𝑒−𝜂𝜂(𝑅𝑅𝑖𝑖𝑖𝑖−𝑅𝑅𝑠𝑠)2 ∙ 𝑓𝑓𝑐𝑐(𝑅𝑅𝑖𝑖𝑖𝑖)
𝑗𝑗

 (6) 

 𝐺𝐺𝑖𝑖5 =  � (1 + cos(𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖−𝜃𝜃𝑠𝑠))𝜁𝜁
𝑎𝑎𝑎𝑎𝑎𝑎

𝑗𝑗,𝑘𝑘≠𝑖𝑖

∙ 𝑒𝑒−𝜂𝜂(
𝑅𝑅𝑖𝑖𝑖𝑖+𝑅𝑅𝑖𝑖𝑖𝑖

2 −𝑅𝑅𝑠𝑠)2 ∙ 𝑓𝑓𝑐𝑐(𝑅𝑅𝑖𝑖𝑖𝑖) ∙ 𝑓𝑓𝑐𝑐(𝑅𝑅𝑖𝑖𝑖𝑖) (7) 

 , where, 𝑓𝑓𝑐𝑐�𝑅𝑅𝑖𝑖𝑖𝑖� =  �
0.5 ∙ [cos �𝜋𝜋𝑅𝑅𝑖𝑖𝑖𝑖

𝑅𝑅𝑐𝑐
� + 1]  for 𝑅𝑅𝑖𝑖𝑖𝑖 ≤ 𝑅𝑅𝑐𝑐

0                 for 𝑅𝑅𝑖𝑖𝑖𝑖 > 𝑅𝑅𝑐𝑐
,  

𝑅𝑅𝑖𝑖𝑖𝑖 is the distance between i and neighboring atom j, and 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖 is the angle between 𝑹𝑹𝑖𝑖𝑖𝑖 and 

𝑹𝑹𝑖𝑖𝑖𝑖. 𝑅𝑅𝑐𝑐 is a cutoff radius for cutoff cosine function, 𝑓𝑓𝑐𝑐. Twelve different radial shifts (𝑅𝑅𝑠𝑠, [1.5, 

2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7]) for G2 and seven 𝑅𝑅𝑠𝑠 ([0.84, 1.40, 1.96, 2.52, 3.09, 3.65, 

4.21]) with four angular shifts (𝜃𝜃𝑠𝑠, [0.9, 1.55, 2.2, 2.85]) are set for G5 functions to calculate 

40 symmetry functions. 𝑅𝑅𝑐𝑐 for G2 and G5 are set to 7 and 5 respectively and 𝜂𝜂 for G2 and G5 

are set to 16 and 8 respectively. 𝜁𝜁 is set to 32. 

Two-layered fully connected neural network for the prediction of PVP adsorption energy was 

implemented using PyTorch.14 The model was trained with AdamW optimizer15 and mean 

square error (MSE) was set as a loss function. The learning rate of the optimizer was modulated 

by reduce on a plateau learning rate scheduler. 
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- Calculation for bimodality index: bimodal index is calculated by the method from 

BimodalIndex package included in R software.16 Following bimodal expression is estimated 

using this algorithm. 

  y = πN(µ1,σ) + (1 − π)N(µ2,σ) (8) 

, where y is adsorption energy, π is the proportion of two distribution, µ1 and µ2 are the means 

of the two distributions and σ is the common standard deviation. From these evaluated 

parameters, bimodality index is defined by equation below: 

 𝛿𝛿 =
|µ1 − µ2|

 𝜎𝜎
 (9) 

 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = [π(1 − π)]
1
2𝛿𝛿 (10) 

, where δ is the standardized distance between two distributions. 
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Supplementary Figures and Table 
 

 

Figure S1. Distribution of each datapoint generated by particle 1 which is used for the training 
of ANN (red empty dot) and ideal truncated octahedron with the range of 2 to 6 nm truncated 
from octahedron to cuboctahedron (blue dot). G5 symmetry functions with 𝑅𝑅𝑠𝑠 = 2.52, 𝜃𝜃𝑠𝑠 = 
1.55 are extracted from the adsorption center (x axis) and 36 characteristic points with 10-
degree intervals for each adsorption center (y axis). 

 

 

 

Figure S2. Surface vector criteria for 10 Å Pt cluster model. The center Pt atom is defined as 
a surface atom when all angles between the center Pt to neighbor Pt vector and surface vector 
are larger than 30 degrees. 
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Figure S3. Energy convergence benchmark calculation for the binding energy of PVP on Pt 
(100) surface (a) and amorphous Pt surface (b). All Pt atoms in the cluster are fixed during 
geometry optimization. The energy difference between bulk and cluster was 0.025 eV for (100) 
surface and 0.035 eV for the amorphous surface. 

 

 

 

 

Distance 
(Å) 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

RMSE 
(eV) 0.1242 0.1239 0.1223 0.1211 0.1220 0.1212 0.1336 0.1426 0.1504 0.1521 

Distance 
(Å) 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 

RMSE 
(eV) 0.1578 0.1592 0.1570 0.1519 0.1612 0.1555 0.1548 0.1561 0.1594 0.1512 

 

Table S1. The average of test errors in 5-fold cross-validation for each distance of the 
characteristic point of neural network (the minimum RMSE is 0.1211 eV where the 
characteristic point is located at 2.0 Å) 
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Figure S4. Training and validation error profiles for the neural network. The training was early-
stopped at 716 epochs when the validation error was 0.2250 eV and the training error was 
0.2169 eV 
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Figure S5. 3D atomic structures of six synthesized Pt nanoparticles colored by averaged PVP 
adsorption energy. Each Pt nanoparticle has a diameter of 2.25, 2.41, 2.42, 2.52, 2.66, and 2.92 
nm, respectively. Scale bar, 1 nm. 

 

 

 

Figure S6. Relative frequency histograms for the averaged Ebind in surface atoms of Pt 
nanoparticles. Each energy distribution is close to bimodal shape. 
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Figure S7. Relative frequency histograms for the averaged EvdW in surface atoms of Pt 
nanoparticles. Each energy distribution is close to unimodal shape. 

 

 

 

Figure S8. Bimodality indices (BI) of each energy distribution of Pt nanoparticles. All Ebind are 
higher than EvdW, which means the energy distributions of Ebind are close to bimodal shape, 
while those of the EvdW are close to unimodal distribution. 
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Figure S9. Adsorption energy profiles of Ebind and EvdW along the different angular 
configuration of PVP. The outermost surface layers and the lower layers in each facet are 
colored with yellow and blue, respectively. Among the colored surface atoms, the orange atoms 
indicate the adsorption centers. 
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Figure S10. The most stable configuration of PVP ligands binding on different terrace atoms 
of islands. The characteristic vectors are consistently toward to near terraces. 
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Figure S11. The most stable configuration of PVP ligands binding on different (a) edge and (b) 
corner atoms. The characteristic vectors are consistently toward the steps nearby. 
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Figure S12. The most stable configuration of PVP ligands binding under the islands. The 
characteristic vectors are consistently toward the steps nearby. 

 

 

 

 

Adsorption site Configurational angle 
(degree) 

DFT calculated  
Eads (eV) 

ANN predicted  
Eads (eV) 

Row 1 blue 115(103) -1.560 -1.659 
Row 1 orange 115(110) -1.900 -2.060 

Row 2 blue 130(130) -1.522 -1.673 
Row 2 orange 130(144) -1.992 -1.987 

Row 3 blue 20(37) -1.912 -1.912 
Row 3 orange 20(21) -2.346 -2.236 

Table S2. The DFT calculation results from the exemplary adsorption sites in Figure 5. The 
configurational angles in column 2 are used for the DFT relaxation where ANN predicted the 
largest adsorption energy difference and angles in the parenthesis are the adsorption angles 
after the DFT relaxation. ANN predicted adsorption energies at DFT relaxed angles are listed 
in column 4.  
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Figure S13. Relative frequency of the cosine similarity of adsorption direction of each PVP 
ligand with most stable EvdW and Ebind compared with adsorption direction with the most stable 
Eads. The adsorption directions of each PVP ligand with the most stable Eads, EvdW and Ebind are 
defined as θads, θvdW, and θbind, respectively. The cosine similarity of θads to θvdW and to θbind is 
displayed as orange and green bar, respectively. The mean value of the former is 0.760 and that 
of the latter is 0.399. 


