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Toward the Era of Visualizing Chemical Reactions:
Cinematic Chemistry Enabled by High-Speed Atomic-Resolution Electron Microscopy
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This study presents a real-time atomic-resolution observation of chemical reaction dynamics at the single-molecule level using
single-molecule atomic-resolution time-resolved electron microscopy (SMART-EM). [60]Fullerene (Cs) molecules were
encapsulated in carbon nanotubes and monitored at 1600 frames per second using a direct electron detection (DED) camera. To
overcome the inherently low signal-to-noise ratio in such ultrafast imaging, we applied Chambolle total variation denoising,
enabling clear visualization of single-frame structures. This allowed us to resolve a cascade reaction featuring multiple transient
intermediates, including a highly strained, short-lived species (<3 ms). Structural identification was achieved via cross-correlation
image matching analysis with simulated TEM images based on Osawa-Tomanek models. Even fleeting high-energy states were

experimentally captured, validating theoretical predictions and revealing the stochastic nature of molecular trajectories. This work
establishes a new paradigm for visualizing molecular dynamics, highlighting the emerging field of “cinematic chemistry.”

KEYWORDS: cinematic chemistry, chemical reactions, transmission electron microscopy, in situ observation, [60]fullerene
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Fig.1. (color online). SMART-EM imaging of the dime-
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in a CNT. (b) Chemical reactions observed using TEM.
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sum of all molecules in the system. Modified ref. 11.
Copyright © 2022 American Chemical Society

(EDR) 23 TIK <, f3 O 2 Wi/ A XIc# b
TLEI, BlZIL Cotd T DX D RBEITEND 2D 57
FTIiE, 1 7 L— L3872 Y @ SNR(Signal-to-Noise Ratio)
T 00 0.05 EHET HREETH S 1, (Fig.3a)
Z O E R~ <, ABFJETIL Chambolle @
total variation 7 / A ¥ ZIEVEE A LT, ZOFE
FEBROT Y DR E TEX LRV RFFLOD, /A
Ry DI E AT 2 0T, B S
AR 72 B2 B IR IS &N T 5, Chambolle 7/
A DU TR, BBRANOBRE Y 7 2L E O E AR O
B (2FH) 25/MET52L T/ A4 XEMMH L

YN
A
JANEEN



XXX Vacuum and Surface Science 77 XX %A 5 XX /- (2017)

O, JFER L OBAVEE R T IEBRES S,
Fig.3a \Z" 3 L 918, CNT IZNEB L7 Coy D 1 7
L— AHRI3 1600 7 L — A/ CHE S b L2l
J AR B, Cood T OFAERABTE 220, Ly
L, 7b—A 50 iy 2 B ES TERAGDE D &,
Fig.3b O X 9 ([CEEN N LR Y, 4 DD Ceohy 178
AR END, 72770, ZOHETIIR R REED %
bbb, 52 Chambolle T/ A ¥ 7k % A
THE, bTA 1 7 L — A THHFREE IR A EE
725, (Fig.3c) & 52,3 7 L — A% HE$2->-> Chambolle
TIA T 7EEREAT S L, (Figld) 1.875 2 U BO
MAEFTESETH SNR 0.30 OFEWEEBIENE Sz,

Z OFEFITEMOE I X D By AR RE O B &kt
JoD, ZE[R S fiERE & ARG LI AR L7z A RBR
ENHRETH D Z & E2RT, RO CIIE) <
KGR T L DT, FOGTFHIRD X5 78T —ilh
PEOBRIZII AR\ E Th 72, Chambolle 7/ A ¥V
TR, BE7 L—AM OB B0 52 RIRIC
BT B Z & T, EEN O B f/ NRISH 2 - g
LS AIRE L 72 %, Chambolle 7/ A ¥ 2 7534t 8 T
(IR, AT 4T, WHFMTZ 4 VZ70E) Ll
T, A bV SNR &R FFERE A TS L7z, 1

B4R, (K7 L— 2 0BERAEDENYS
P2 572 SNR 0.2 L~ULDEE /S, Chambolle 5 / 1 ¥
VIMEOBEBICEY 1~3 7 L —ADITERNATRE
ol TH D, ZHUE, SNR [A) 1 & B RESARRES L
EWVDNERD b L— RA 71Tk 2 B 72 iR R

b s0-frame superimposition
31.25 ms/frame
SNR=020

a 1-frame image
0.625 ms/frame
SNR =0.05

C 1-frame image d 3-frame superimposition

w/ denoising w/ denoising
0.625 ms/frame 1.875 ms/frame
SNR =0.15 SNR =0.30

Fig.3. (color online). Noise reduction of single-
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18. Copyright © Microscopy Society of America 2020
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Fig.4. (color online). Ultrafast SMART-EM video
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nm. (¢) Time course of the change of the distance d on
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ref. 11. Copyright © 2022 American Chemical Society
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Fig.5. (color online). Structure assignment of
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ref. 11. Copyright © 2022 American Chemical Society
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