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[bookmark: _Toc149931938]Supplementary Notes
[bookmark: _Toc149931939]Supplementary Note 1 - Machine learning algorithm for analysis of images
We segmented the STEM images using a CNN trained using images of Re-Bubpy or Pt-porph. A previously reported framework1 was used for the training, which generated small crops (21 pixel × 21 pixel) of the original image for the positive and negative training set. The positive training set comprises images with tags of individual atoms, while the negative training set consists of images without such tags. The tags on the training set were manually marked on the original image.
The number of cropped images used for the training was 3722 for Re-Bubpy and 9722 for Pt-porph. We trained the CNN independently using Re-Bubpy and Pt-porph because the model trained by Re-Bubpy could segment Re atoms from the background in Re-Phen and other Re-Rbpy complexes, but falsely segmented Ti atoms as metal atoms in images of Pt-porph. The images of Pt-porph were segmented using another model trained by the images of Pt-porph (Supplementary Fig. 3a-c).
We opted to train the CNN with our own dataset for atom detection, as two alternative approaches proved ineffective (Supplementary Fig. 3d-f). The first method, involving image processing techniques utilizing top-hat filtering, failed to detect atoms within the clusters. Likewise, the second method, which used a CNN model provided in the paper1 that was trained using images of Pt atoms on nitrogen-doped amorphous carbon, also proved unsuccessful in atom detection within the clusters. To prepare the training set using our images, we tagged the atoms on the images using top-hat filtering and reviewed manually to find and add missing atoms in the images.
[bookmark: _Toc149931940]Supplementary Note 2 - Electron beam damage
The consecutive STEM images acquired in the same area show the process of atomic clustering due to the electron beam (Supplementary Fig. 10 – 17 and Movie 1 – 8). We captured every image with 8 µs pixel time and 1024 × 1024 resolution, taking 8.4 seconds in total for a capture. We adjusted the viewing area (Supplementary Fig. 17) before every capture, which required an additional time of ~1 second for the observation at cryogenic temperature because the sample drifted severely. Many of the gaps between metal atoms in the clusters in the last images in the image set (Supplementary Fig. 10 – 17 and Movie 1 – 8) measured less than 3 Å. This is close to the Re-Re distance in well-defined Re clusters, which is 2.76 Å at room temperature2. This proximity implies the dissociation (or at least partial destruction in the molecule) and clustering of the metal atoms. However, we conclude that the clusters shown in the first image are likely not related to beam damage because (i) a similar number of clusters are found in the TEM observation at cryogenic temperature (< −150 °C) where the beam-induced clustering is substantially decreased (image: Supplementary Fig. 17, Kdev: Fig. 3i), (ii) signals consistent with Re(0) complexes were detected by XPS for both Re-Bubpy and Re-Phen (Fig. 1d,e) suggesting some clustering prior to the microscopy experiment, and (iii) the diffusion of metal atoms we observed was too slow to generate clusters during one image capture.
Given the slow rate of diffusion of metal atoms, we posit that the first image represents the intact sample. Most atoms and all clusters are trackable from the consecutive images (Fig. 3a, Supplementary Fig. 10 – 17, and Movie 1-8). We marked detected Re atoms in the consecutive images of Re-Bubpy on the same image to visualize the diffusion of the metal atoms after drift correcting the images using cross-correlation (Supplementary Fig. 18). The hopping distance of most Re atoms in the Re-Bubpy measures less than 5 Å for one image capture, although a few atoms were missed during the observation probably because of the clustering. The clusters moved less than 1 nm throughout the 7 image captures, but they tended to be tightly packed during the image capture sequence. Also, the round shape of atoms observed from the images of the samples, except for Re-Etbpy observed at room temperature (Supplementary Fig 16), indicates that their movement is not fast. Finally, in another report3, most copper (Cu) atoms on graphene oxide (GO) hopped less than 5 Å during sequential image captures. The experiment used a different substrate and lower beam energy (80 kV). However, theoretically, the Cu atoms at 80 kV are expected to diffuse faster than Re or Pt atoms at 200 kV because Cu is lighter than Re or Pt atoms. Additionally, we showed that the diffusion of Re atoms could be resisted by the molecules attached to the surface, using the experiment with and without “backfill” as shown in Fig. 3b – 3e. Finally, we minimized the sample's exposure to the beam before imaging. We conclude that the first images in this paper should show the position of the molecules as deposited.
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[bookmark: _Toc149750398][bookmark: _Toc149750797]Supplementary Figure 1. The XPS survey spectra of (a) Re-Bubpy, (b) Re-Phen, and (c) Pt-porph.
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[bookmark: _Toc149750399][bookmark: _Toc149750798]Supplementary Figure 2. STEM images for Pt-porph. (a) The colored STEM image of Pt-porph after bright and contrast adjustment. Ti atoms are highlighted by yellow spots in this image. (b) STEM image displaying the backside of the Si thin film. Unlike in (a) or Fig. 1f, Ti atoms are not visible in this image, and Pt atoms are observed on specific areas of the surface. The Pt-porph molecules can also be attached to SiO2, and we assume that Pt-porph is attached to the surface of irregularly grown native SiO2 in this image.
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[bookmark: _Toc149750400][bookmark: _Toc149750799]Supplementary Figure 3. Atomic detection outcomes marked by cyan dots. Metal atoms within the original image (a) were identified through methods, including the CNN model trained on Re-Bubpy images (b), and the CNN model trained on Pt-porph images (c). For further analysis, the CNN model trained on Re-Bubpy were used to detect the images of Re-Bubpy and Re-Phen and that trained on Pt-porph was used to detect the images of Pt-porph. The exemplary images of those cases are highlighted by red borders. Metal atoms were also identified through top-hat filtering (d), the CNN model presented previously in the literature1 (e), for comparison.
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[bookmark: _Toc149750401][bookmark: _Toc149750800]Supplementary Figure 4. Selected images of Re-Bubpy (a), Re-Phen (b) with different reaction times for the hydrosilylation reaction. Both sets of functionalization were performed at 2 mM [Re].
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[bookmark: _Toc149750402][bookmark: _Toc149750801]Supplementary Figure 5. The HAADF-STEM observations obtained by changing the relative focal length by up to 10.32 nm. (a) Schematic showing the focal plane's movement during the observation from 0 nm to 10.32 nm. Both series of images of (b) Re-Bubpy (2mM, 24h) and (c) Re-Phen (2mM, 24h) show blurring in the imaging of Re atoms as the focal length shifts away from the surface, but the blurring process was different. In the case of Re-Bubpy, all atoms were blurred similarly as focal length shifts away. However, in the case of Re-Phen, some Re atoms were clearly shown even at 7.74 nm or 10.32 nm, while some atoms are blurred from 2.58 nm. This shows that the Re atoms are positioned at different heights from the surface in the Re-Phen sample.
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Description automatically generated]
[bookmark: _Toc149750403][bookmark: _Toc149750802]Supplementary Figure 6. Surface coverage of Re-Bubpy as a function of the concentration of the molecules in solution during the hydrosilylation reaction. The reaction time was held constant at 24h.
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[bookmark: _Toc149750404][bookmark: _Toc149750803]Supplementary Figure 7. Surface coverage of Pt-porph determined by HAADF-STEM images. (a) Surface coverage as a function of the time for the hydrolysis reaction used for surface attachment. The Si grids were functionalized in the 10:1 chlorobenzene:benzonitrile solution with 0.5 mM Pt-porph at 90 °C for 1h, 4h, 16h, & 24 h. (b) the representative images of Pt-porph used for the measurement of surface coverage. Scale bars: 2 nm.



[image: ]
[bookmark: _Toc149750405][bookmark: _Toc149750804]Supplementary Figure 8. Surface coverages of Re-Bubpy (aa) and Re-Phen (b) calculated from different batches as a function of the time for the hydrosilylation reaction used for surface attachment. The Si grids were functionalized in 2 mM solutions of Re-Bubpy and Re-Phen. Here we use the term “batch” to refer the set of samples that were processed in the same day using the same solution. It is unsurprising that there is some small variation in the surface coverage between immobilization reactions performed on different days.


[image: ]
[bookmark: _Toc149750406][bookmark: _Toc149750805]Supplementary Figure 9. cyclic voltammograms used to calculate the surface coverage of Re-Bubpy after hydrosilylation reactions (at 2 mM Re) for 3h (a), 6h (b), and 24h (c). Cyclic voltammograms were collected at a scan rate of 100 mV/s in 0.25M nBu4NPF6 in acetonitrile with a Pt counter electrode and an Ag wire pseudo-reference electrode. The features selected for integration were selected based on their overlap with electrochemical features corresponding to the molecular solution species, Re-Bubpy. The number of electrons transferred from the Si to each attached Re was assumed to be 2. Similar analysis was performed in a recent study of immobilized complexes4. 
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자동 생성된 설명]
[bookmark: _Toc149750407][bookmark: _Toc149750806]Supplementary Figure 10. 10 consecutive images of Re-Bubpy (2mM, 24h) captured with 8 µs per pixel dwell time. The 8 µs dwell time and 1024 × 1024 resolution allows 8.4 s capture time. The Si grids were functionalized by 2mM Re-Bubpy in mesitylene solution for 24h. In the last frame (75.6 s), We observe multiple clusters with a radius of approximately 5 Å. 


[image: 스크린샷, 대칭, 다채로움, 사각형이(가) 표시된 사진

자동 생성된 설명]
[bookmark: _Toc149750408][bookmark: _Toc149750807]Supplementary Figure 11. 10 consecutive images of Re-Phen (2mM, 24h) captured with 8 µs per pixel dwell time. The 8 µs dwell time and 1024 × 1024 resolution allows 8.4 s capture time. The Si grids were functionalized by 2mM Re-Phen in mesitylene solution for 24h In the last frame (75.6 s), We observe the increased size of clusters in the last frame compared to the first frame.
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자동 생성된 설명]
Supplementary Figure 12. 10 consecutive images of Re-Bubpy with the surface backfilled with 1-hexene captured with 8 µs per pixel dwell time. The Si grids were functionalized by 2mM Re-Bubpy in mesitylene solution for 24h, and then functionalized again by 10% 1-hexene in mesitylene for 24h. The 8 µs dwell time and 1024 × 1024 resolution allows 8.4 s capture time. The growth of clusters was not observed from the consecutive images of backfilled Re-Bubpy.
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자동 생성된 설명]
Supplementary Figure 13. 10 consecutive images of Re-Phen with the surface backfilled with 1-hexene captured with 8 µs per pixel dwell time. The Si grids were functionalized by 2mM Re-Phen in mesitylene solution for 24h, and then functionalized again by 10% 1-hexene in mesitylene for 24h. The 8 µs dwell time and 1024 × 1024 resolution allows 8.4 s capture time. The growth of clusters was not observed from the consecutive images of backfilled Re-Phen.
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자동 생성된 설명]
Supplementary Figure 14. 10 consecutive images of Re-Bu2bpy captured with 8 µs per pixel dwell time. The 8 µs dwell time and 1024 × 1024 resolution allows 8.4 s capture time. The Si grids were functionalized by 2mM Re-Bu2bpy in mesitylene solution for 1h Although there is clustering as shown in the area with yellow circle, many metal atoms (probably in the molecules) did not cluster even though they were located closely to one another (marked with blue, cyan, green, and magenta circles).
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자동 생성된 설명]
Supplementary Figure 15. 10 consecutive images of Re-Nonbpy captured with 8 µs per pixel dwell time. The 8 µs dwell time and 1024 × 1024 resolution allows 8.4 s capture time. The Si grids were functionalized by 2mM Re-Nonbpy in mesitylene solution for 1h. More clusters are shown in the last image than the first image. However, the clusters look more loosely packed than Re-Bubpy.
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자동 생성된 설명]
Supplementary Figure 16. 10 consecutive images of Re-Etbpy captured with 8 µs per pixel dwell time. The 8 µs dwell time and 1024 × 1024 resolution allows 8.4 s capture time. The Si grids were functionalized by 2mM Re-Etbpy in mesitylene solution for 1h. The clustering process was fastest in the sample of Re-Etbpy compared to all other systems studied.
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자동 생성된 설명]
Supplementary Figure 17. 10 consecutive images of Re-Etbpy at cryogenic temperature captured with 8 µs per pixel dwell time. The 8 µs dwell time and 1024 × 1024 resolution allows 8.4 s capture time but we adjusted the imaging area before every image capture because the drift was severe at the cryogenic temperature (< 150 °C), which took additional time of about 1 second. The clustering is substantially decreased compared to the case of Re-Etbpy at room temperature.


[image: ]
Supplementary Figure 18. The diffusion distance for Re atoms visualized from the consecutive images of Re-Bubpy (Supplementary Figure 10). We used the CNN-based atomic detection and the drift correction of the image for the visualization.
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Supplementary Figure 19. The atomic positions of atoms in 1st, 4th, and 9th images in the consecutive image set shown above. (a) Re-Bubpy backfilled with 1-hexene, (b) Re-Phen, (c) Re-Phen backfilled with 1-hexene, (d) Re-Bu2bpy, (e) Re-Nonbpy, and (f) Re-Etbpy observed at room temperature and (g) Re-Etbpy observed at cryogenic temperature (The images are shown in Supplementary Figure 11 - 17). The method for marking atoms in an image is shown in Supplementary Figure. 18. Scale bars: 1 nm.
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Supplementary Table 1. XPS quantification data for the Re-Bubpy
	 
	Binding energy [eV]
	FWHM [eV]
	Relative sensitivity factor
	Atomic conc. [%]

	Si 2p Si
	98.68
	0.00
	0.33
	53.89

	Re 4f Re(0)
	40.00
	1.11
	3.96
	0.15

	Re 4f Re(I)
	41.58
	1.30
	3.96
	0.73

	Re 4f ReO3
	43.27
	1.52
	3.96
	0.09

	O 1s
	531.99
	0.00
	0.78
	17.72

	N 1s
	399.89
	0.00
	0.48
	2.02

	C 1s
	284.59
	0.00
	0.28
	25.40


The Si grids were functionalized in the 2mM Re-Bubpy in mesitylene solution under a N2 atmosphere at 160 ℃ for 1h.




Supplementary Table 2. XPS quantification data for the Re-Phen
	 
	Binding energy [eV]
	FWHM [eV]
	Relative sensitivity factor
	Atomic conc. [%]

	Si 2p
	98.93
	0.00
	0.33
	24.39

	Re 4f Re(0)
	40.01
	1.10
	3.96
	0.05

	Re 4f Re(I)
	41.87
	1.16
	3.96
	0.82

	O 1s
	532.33
	0.00
	0.78
	16.94

	N 1s
	400.23
	0.00
	0.48
	2.45

	Cl 2p
	197.93
	0.00
	0.89
	0.74

	C 1s
	284.73
	0.00
	0.28
	54.61


The Si grids were functionalized in the 2mM Re-Phen in mesitylene solution under a N2 atmosphere at 160 ℃ for 1h.


Supplementary Table 3. XPS quantification data for the Pt-porph
	 
	
	Binding energy [eV]
	FWHM [eV]
	Relative sensitivity factor
	Atomic conc. [%]

	Ti 2p
	
	458.41
	0.00
	2.00
	23.36

	Si 2p Si
	
	98.59
	0.00
	0.33
	4.89

	Pt 4f
	
	73.01
	0.00
	5.58
	0.07

	O 1s
	
	529.91
	0.00
	0.78
	53.65

	N 1s
	
	399.91
	0.00
	0.48
	1.16

	C 1s
	
	284.71
	0.00
	0.28
	16.87


The Si grids were functionalized in the 0.5mM Pt-porph in 10:1 chlorobenzene:benzonitrile under an ambient atmosphere at 90 ℃ for 1h.


Supplementary Table 4. ICPMS data 
	Sample
	Surface Loading (Atoms/nm2)

	Re-Bubpy1, 3h
	1.331

	Re-Bubpy1, 6h
	1.744

	Re-Bubpy1, 24h
	1.382

	Re-Phen2, 15min
	0.859

	Re-Phen2, 30min
	0.967

	Re-Phen2, 1h
	1.350

	Re-Phen2, 3h
	2.359

	Re-Phen2, 6h
	5.221

	Re-Phen2, 24h
	1.332

	Re-Phen2, 24h + 1-hexene backfill
	3.896

	Pt-porph3, 1h
	0.181


1 The Si grids were functionalized in the 2mM Re-Bubpy in mesitylene solution under a N2 atmosphere at 160 ℃ for the time noted above.
2 The Si grids were functionalized in the 2mM Re-Phen in mesitylene solution under a N2 atmosphere at 160 ℃ for the time noted above. 
3 The Si grids were functionalized in the 0.5mM Pt-porph in 10:1 chlorobenzene:benzonitrile solution at 90 ºC for the time noted above.
For all samples, the Si grids were in the solution for 1 hour after the functionalization process for cool-down.
[bookmark: _Toc149931943]
Captions for Supplementary Movies

[bookmark: _Toc149752229]Supplementary Movie 1. Drift corrected image sequence of 6 consecutive images of the Re-Bubpy captured by HAADF-STEM. The original images of this movie are presented in Supplementary Figure 10, and the K-functions calculated from the original images are shown in Fig. 3b and Scale bar: 2 nm. 

[bookmark: _Toc149752230]Supplementary Movie 2. Drift corrected image sequence of 10 consecutive images of the Re-Phen captured by HAADF-STEM. The original images of this movie are presented in Supplementary Figure 11, and the K-functions calculated from the original images are shown in Fig. 3c and Scale bar: 2 nm. 

[bookmark: _Toc149752231]Supplementary Movie 3. Drift corrected image sequence of 10 consecutive images of the backfilled Re-Bubpy captured by HAADF-STEM. The original images of this movie are presented in Supplementary Figure 12, and the K-functions calculated from the original images are shown in Fig. 3d and Scale bar: 2 nm. 

[bookmark: _Toc149752232]Supplementary Movie 4. Drift corrected image sequence of 10 consecutive images of the backfilled Re-Phen captured by HAADF-STEM. The original images of this movie are presented in Supplementary Figure 13, and the K-functions calculated from the original images are shown in Fig. 3e and Scale bar: 2 nm. 

[bookmark: _Toc149752233]Supplementary Movie 5. Drift corrected image sequence of 10 consecutive images of the Re-Bu2bpy captured by HAADF-STEM. The original images of this movie are presented in Supplementary Figure 14, and the K-functions calculated from the original images are shown in Fig. 3f and Scale bar: 2 nm. 

[bookmark: _Toc149752234]Supplementary Movie 6. Drift corrected image sequence of 10 consecutive images of the Re-Nonbpy captured by HAADF-STEM. The original images of this movie are presented in Supplementary Figure 15, and the K-functions calculated from the original images are shown in Fig. 3g and Scale bar: 2 nm. 

[bookmark: _Toc149752235]Supplementary Movie 7. Drift corrected image sequence of 10 consecutive images of the Re-Etbpy captured by HAADF-STEM. The original images of this movie are presented in Supplementary Figure 16, and the K-functions calculated from the original images are shown in Fig. 3h and Scale bar: 2 nm. 

[bookmark: _Toc149752236]Supplementary Movie 8. Drift corrected image sequence of 10 consecutive images of the Re-Etbpy captured by HAADF-STEM at cryogenic temperature. The original images of this movie are presented in Supplementary Figure 17, and the K-functions calculated from the original images are shown in Fig. 3i and Scale bar: 2 nm. 

[bookmark: _Toc149752228]Supplementary Movie 9. Explanation for the K function calculated from three different point patterns in the case of dispersed, random, and clustered points. The function counts the number of points closer than a distance r (The points in the blue circle in the movie) from each atom and sums them to estimate K.
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