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1 Abstract: The bottom-up synthesis of strained hollow cage structures, such as fullerenes, using 

2 traditional thermal or photochemical methods remains one of the most challenging tasks in organic 

3 chemistry. Here, we demonstrate the synthetic use of an electron beam by in-depth single-molecule 

4 atomic resolution time-resolved transmission electron microscopy studies to induce the formation 

5 of an elusive doubly-holed fullerene-porphyrin cage structure from a well-defined benzoporphyrin 

6 precursor deposited on graphene. Through real-time imaging, we analyze the hybrid's peculiar 

7 ability to host up to two Pb atoms and subsequently gain insights into the dynamics of the Pb–Pb 

8 binding motif in this exotic metallo-organic cage structure. Through density functional theory 

9 calculations and image simulations, we conclude that the much slower secondary electrons, which 

10 accumulate in the irradiated area's periphery, can also initiate chemical reactions. Consequently, 

11 designing  advanced  carbon  nanostructures  by  e-beam  lithography  will  depend  on  the 

12 understanding and limitations of molecular radiation chemistry. 
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molecules with and without calcium ions,5 

1 Technological advancements in high-resolution transmission electron microscopy (HRTEM) 

2 enabled single-molecule atomic-resolution time-resolved electron microscopy (SMART-EM)1 or 

3 "ChemTEM" 2 techniques to literally change the chemists' view on molecular processes in real 

4 space and real-time analyses. A few recent highlights are the visualization and study of the NaCl 

5 nucleus emergence,3 the prenucleation of MOF-2 and MOF-5,4 the imaging of daptomycin 

6 the bond-dissociation of HF and H2O molecules in 

7 endohedral fullerenes,6 the unsupported metal-metal bond in a Re2 molecule,7 the reactivity of 

8 metal clusters and polyoxometalates,8,9 as well as ordered molecular superstructures.10–12 However, 

9 the magnificent potential to observe dynamic events at the smallest scale of matter, namely at the 

10 atomic and molecular level, comes at a price and is generally described as radiation damage.13–15 

11 Typical destructive mechanisms include the material's ionization and subsequent destructive 

12 transformations (radiolysis) and the homolytic displacement of atoms from the structure, which 

13 received sufficient kinetic energy from the e-beam (knock-on displacement). These destructive 

14 effects are highly dependent on the specimen itself and vary with the elemental composition, 

15 binding characteristics, and electronic structure; however, also the imaging conditions, such as the 

16 acceleration voltage, the electron flux and total dose, as well as the temperature settings will impact 

17 the lifetime of molecular intermediates during SMART-EM imaging critically.16 
 
18 On the other hand, from meticulously carried out cinematographic analyses of single-molecule 

19 reactions, several constructive and now well-understood reaction mechanisms were identified to 

20 occur under the e-beam. Apart from the homolytic dissociation of C–H bonds into radical pairs (C• 

21 and H•) followed by subsequent radical recombination chemistry,6,17 the [2 + 2] cycloaddition 

22 reaction of fullerenes,16,18 and the Stone-Wales rearrangement to, for instance, peanut-shaped C120 

23 nanotubes, have been identified.19 However, compared to the continuously growing repertoire of 

24 thermally, photochemically, or mechanically initiated organic reaction mechanisms developed in 

25 wet-chemical laboratories, only a little knowledge about the control and selectivity of e-beam- 

26 induced mechanisms has been accumulated so far.1,2 Recently, we identified another reaction 

27 mechanism proceeding under the electron beam in the pre-programmed synthesis of fullerene C60, 

28 namely the cyclodehydrogenation.20 While this particular reaction was not achieved 

29 photochemically or thermally in solution, carried out under flash vacuum pyrolysis condition at 

30 1000 ºC, the reaction outcome is regioselective.21,22 Importantly, it is not the result of a 
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1 thermodynamically driven rearrangement of carbon atoms to fullerene C60, as known from the arc- 

2 discharge synthesis of fullerenes from graphite.23 
 

3 This study shows the de novo design and synthesis of a three-dimensional ν-conjugated molecular 

4 nanostructure, enabled through the e-beam-induced cyclodehydrogenation reaction in the TEM. 

5 As elucidated from cinematographic SMART-EM analyses, the designed lead(II)-containing 

6 benzoporphyrin precursor 1Pb, is shown to selectively zip up the respective fjord and cove region 

7 C–C bonds to form a three-dimensional hollow cage structure, an open-cage azafullerene, and 

8 freely diffusing Pb-atoms found on the graphene surface can be incorporated into the structure; 

9 one Pb atom as part of the endohedral cavity and another one complexed by the porphyrin 

10 macrocycle of the carbon exoskeleton. Correlated with electron-dose corrected TEM simulations 

11 and density functional theory (DFT) calculations, we identified this exotic hybrid structure and 

12 several key intermediates during its formation and subsequently gained mechanistic insights into 

13 the e-beam-induced transformations on the molecular level. 
 
14 
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(C2v symmetry) 

(C100H52N4Pb) 

(C100H54N4) 

(C100H4N4) 

1 Results and discussion 

2 Design and synthesis. We envisioned using the electron beam as a synthetic and imaging tool to 

3 induce and observe the formation of a fullerene-porphyrin hybrid FP via the e-beam- 

4 induced cyclodehydrogenation reaction. For that purpose, we designed and synthesized 2-pyrenyl 

5 substituted benzoporphyrin 1 via modified Lindsey condensation conditions (Fig. 1a) 

6 from masked isoindole 2 and 2-formylpyrene 3; thermal unmasking of the isoindole moieties gave 

7 1 in 81% overall yield. 3 was obtained in 53% yield after a lithium-halogen exchange of 2- 

8 bromopyrene 4, followed by formylation with DMF. To introduce a high-contrast metal atom, 1 

9 was metalated to 1Pb using Pb(OAc)2 in DMF at elevated temperature. We chose 

10 Pb as the central metal for the following reasons: 1) It has a high Z-contrast in TEM imaging, 

11 which facilitates the SMART-EM observations; 2) Unlike catalytically active transition metals 

12 with comparable contrast properties, such as platinum,24 Pb as a p-block element is unlikely to 

13 undergo C-H bond activation reactions or other C–C bond-forming reactions under the electron 

14 beam. The successful metalation is easily verified by absorption spectroscopy through the 

15 significant Soret and Q-bands shifts of the metalated benzoporphyrin (Fig. 1b), whereas the 

16 absorption characteristics of the pyrene moieties remain nearly unaffected. 
 
17 As predicted by DFT calculations, a consecutive zipping-up of the pyrenyl substituents with the 

18 benzoporphyrin core,25 the resulting eight five-membered rings in the framework lead to a 

19 distortion of the initial saddle structure of 1Pb to a C4v symmetrical onion-shaped 

20 sphere with two opposing entrances to the endohedral cavity (Fig. 1c). The structure of the open- 

21 cage atoms, including the complexed metal atom, follows the isolated pentagon rule (IPR) for 

22 fullerenes. However, the IPR conditions are not met upon closing the lower rim in FP to twelve 

23 pentagons through the substitution of the hydrogen atoms by a quaternary fenestrane-type carbon 

24 atom (Fig. 1d). The thermochemical analysis (Fig. 1e) at the density functional M06-2X/def2- 

25 TZVP//μB97X-D/6-31G(d) level of theory reveals an increase in relative energy over the 

26 consecutive 24 cyclodehydrogenation steps to around 30.1 eV, which corresponds to an average 

27 E per step of 1.25 eV. In comparison, this value is less than for forming fullerene C60 from truxene 

28 derivative C60H30, which requires around 1.4 eV per step (compare Extended Data Fig. 1).20 Thus, 

29 from a thermochemical perspective, the precursor design appears reasonable. 
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2 Fig. 1. Experimental and computational approach to fullerophyrin FP. a, Wet-chemical synthesis of benzoporphyrin precursor 
3 1Pb. b, Absorption spectra of 1 and 1Pb in CH2Cl2 at rt, spectra normalized to pyrene's p-band. c, Electron beam-induced 
4 cyclodehydrogenation to FP. Top and side view of the DFT geometry optimized structure of free-base FP. d, Hypothetical closure 
5 of the lower rim opening of FP with a quaternary carbon atom with a [5.5.5.5]fenestrane motif to give a non-IPR cage structure. 
6 e, Thermochemical analysis of the consecutive H2 loss via cyclodehydrogenation of 1 to FP. Only isomers obtained from a zipper 
7 mechanism were considered (108 intermediates). 

8Sample preparation and general (S)TEM analysis. We drop-casted 10 µL of a 10−5 M solution 

1 of 1Pb dissolved in THF on a dry-cleaned graphene-coated TEM grid, the excess solution was 

2 dabbed off, and the grid was dried in high vacuum (10−5 Pa) for 2 h before insertion into the TEM. 

3 Observations were carried out with an aberration-corrected TEM (JEM-ARM200F) at 303±5 K at 

4 magnifications of 1000k, equipped with a scintillator-based CMOS camera (Gatan OneView). The 

5 vacuum of the specimen chamber was constant at 1x10-5 Pa, the acceleration voltage was set to 80 

6 kV, and the camera frame rate was kept at 2 fps. Traces of remaining volatiles were removed in 

7 the TEM by heating the grid to 473 K for 1 h before exposure to the electron beam. After scanning 

8 the graphene surface for viable candidates, we discovered a spherical structure attached to a 

9 graphene monolayer (GML) near an amorphous aggregate of Pb atoms, which served as a Pb-atom 

10 reservoir (Fig. 2a). Nearby, several single Pb-atoms were found to diffuse at the edge of the 

11 amorphous carbon layer. As shown in the high-angle annular dark-field scanning transmission 

12 electron microscopy (HAADF-STEM) images in Fig. 2b, the sizes of the Pb aggregates span from 

13 2 to 25 nm while maintaining only minor crystalline character. Energy-dispersive X-ray 

14 spectroscopy (EDS) and mapping confirmed that the clusters consist of Pb atoms and are no other 

15 metal artifacts from sample preparation or the fabrication of the gold grid. On the other hand, the 

16 expected ν−ν stacks of pristine 1Pb, demetalated 1, or even immobilized structures via C–C bonds 

17 to graphene were not observed (Fig. 2c), since all molecules appeared to have reacted before being 

18 imaged by the primary beam electrons (vide infra). 
 
19 The sheer number of single Pb-atoms and aggregates is astonishing. However, it can be 

20 rationalized by a hot electron (Ekin > 0 eV) reduction mechanism,26,27 as described in Fig. 2c: An 

21 electron attachment to 1Pb occurs through secondary electrons (Ekin << 50 eV)28 from the specimen 

22 in the outer periphery of the electron beam-irradiated area, herein defined as beam shadow. Then, 

23 the metal ion is quickly released (order of picoseconds) from the macrocycle onto the substrate via 

24 an electrochemical reduction of 1Pb0 to 1Pb-1 or 1Pb-2. Albeit a less common technique, wet- 

25 chemical reductive demetallation of porphyrins has been reported in the literature.29,30 Evidence 

26 for the secondary electron accumulation in the beam shadow is visualized in the low magnification 

27 TEM image in Fig. 2d, in which the previously irradiated area at high magnification (highlighted 

28 with yellow arrows) is surrounded by a dark rim of charge-induced volatiles accumulation. 
1 Ejection and accumulation of secondary electrons from poorly conductive specimens are known 
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as the Berriman effect and are,31–33 in our case, primarily driven by the poorly conductive 

2 hydrocarbon residues and amorphous carbon layers on the graphene surface. This effect leads to 

3 the net formation of an oxidative area, caused by the fast primary electrons from the beam, and a 

4 reductive site, induced by slow secondary electrons from the specimen, which is approximately 50 

5 nm larger in diameter than the initial irradiated area.34 Thus, the induced electric field is dependent 

6 on the conductivity of the specimen and the electron flux, as described in Fig. 2d iii-iv.35 
 

7 A reductive demetallation mechanism is further supported by density functional theory (DFT) 

8 calculations, in which we determined the relative threshold dissociation energy Ed for the Pb 

9 release from the macrocycle. As shown in Fig. 2e, reducing 1Pb0 to 1Pb-1 or 1Pb-2 lowers Ed(N4- 

10 Pb) up to 1.7 eV, whereas an oxidative electron removal shows only marginal effects on the 

11 binding energy. Thus, the reductive demetallation is likely to proceed in the beam shadow without 

12 being witnessed by the direct microscopic observation, whereas a knock-on induced carbon 

13 displacement and thus the decomposition of macrocycle 1 is expected to proceed after a total 

14 electron dose (TED) of around 45 x 106 e-nm-2 and therefore renders this pathway to be unlikely 

15 (compare Extended Data Table 1). Identical observations were made for strongly complexed metal 

16 derivatives 1Pt, 1Pd, and 1Ni (compare Extended Data Fig. 2), which describes this phenomenon 

17 as applicable beyond weakly bound Pb-porphyrins. 
 
18 
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2 Fig. 2 Electron microscopic analysis of the overall environment of the starting FP intermediate and mechanistic insights. a, 
3 Overview of starting scene. The yellow dashed circle highlights the structure of interest; the magenta-highlighted area resembles 
4 an amorphous Pb-atom aggregate; the green area the GML; the blue area an amorphous carbon layer. The colors of the FFT 
5 diffraction pattern match the selected areas. b, HAADF-STEM image and EDS analysis of Pb-atom aggregates: i) low-mag. HAADF- 
6 STEM, ii) high-mag. HAADF-STEM, iii) EDS elemental mapping of Pb from ii), iv) EDS spectrum. c, TEM simulations of pristine 1Pb 
7 and 1 on graphene. d, Proposed mechanism: 1) hot electron uptake; 2) reduction of metalloporphyrin; 3) decomplexation and 
8 release of metal atom onto the substrate. e, i) Berriman effect-induced accumulation of charged volatiles in the periphery of the 
9 primary beam-irradiated area, ii) beam-induced electrochemical areas on the substrate, iii) beam-induced currents on the 

10 substrate, iv) charge conservation equation; I0: Primary electron beam current, IT: transmitted electron beam current, E: electric 
11 field vector, Ie: secondary electron current, I+: cation flux, IS: electron back current. f, Morse potential for the N4–Pb bond 
12 elongation and determination of the bond threshold dissociation energy Ed at different charging states of 1Pb; calculated at the 

13 density functional B3LYP/6-31G(d)/LANL2DZ>Kr level of theory. 

14 
1 SMART-EM analysis. With the localized structure of interest from Fig. 2a, we will now focus on 

2 the structure determination and its dynamics during the course of observation (Supplementary 

3 Video 1). At this point, the time is arbitrarily set to 0 s, as the area might have been irradiated for 

4 3-5 s during the search for the structure prior to the recording. Thus, the received energy from the 

5 e-beam transformed 1Pb already into a cylindrical bowl structure, as reconstructed from the atomic 

6 number (Z)-adjusted model and TEM image simulations in Fig. 3a.36 From statistical 

7 measurements of that singular entity over all frames (t = 0 s – 7.0 s) whose circular shape persisted, 

8 the structure measured 0.89 ± 0.02 nm x 0.90 ± 0.03 nm. These dimensions, shape, and phase 

9 contrast are well reproduced by a C100H6N4 model (hemi-1')Pb (for comparison: 1 = C100H54N4), 

10 with 20 zipped-up C–C bonds, six remaining hydrogen atoms, and a Pb atom coordinated by 

11 carbon atoms at the lower rim. The remaining dangling carbon atoms are bound to the GML, which 

12 immobilizes the structure on the surface. During a short transition period (t = 7.5 – 9.0 s), the shape 

13 of (hemi-1")Pb morphs to a pentagon-shaped structure with a diameter of 0.87 ± 0.02 nm, which 

14 lasts for 2.0 s (Fig. 3b). The transition is accompanied by the loss of four hydrogen atoms, as 

15 identified by the model. The simulation with a diameter of 0.89 nm fits well within the 

16 experimental error of ± 0.02 nm. 

17 In the period from 12.0 s to 20.5 s, several dynamic processes with severe impact on the structure 

18 take place. As displayed in Fig. 3c, a second Pb-atom, fueled from the neighboring Pb-cluster, 

19 attaches to the structure to give a (hemi-1'")Pb2 structure that appears to be tipped over onto the 

20 sidewall. The model suggests that an additional C–C bond has formed at this point. From there on 

21 (Fig. 3d), the structure undergoes a rolling translation of around 0.65 nm on the surface, which 

22 leads to the C–C bond formation of the last three remaining open fjord regions and the subsequent 

23 incorporation of both Pb atoms; one into the endohedral cavity and the second by complexation at 

24 the porphyrinic site of the skeleton. 

25 This exotic bimetallic cage structure, denoted as Pb@(FP-Pb) (Fig. 3e), could be identified by an 

26 excellent match between the experimental TEM image (diameter: 0.79 ± 0.01 nm) and the 
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27 simulation (0.79 nm). Furthermore, from comparative simulations, we could verify that the metal 

28 atom is not located outside the cage (compare Extended Data Fig. 3) and thus get detailed insights 

29 about rather rare molecular Pb–Pb interactions as found in the complex. As shown in the side-view 

30 of the model, the experimentally measured Pb-Pb distance of 3.0 Å fits a model that contains a 

31 Pb–Pb single bond of 3.01 Å. While not many reports on bimetallic Pb-complexes are available, 
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1 our results fit well with the averaged Pb–Pb distance of 2.94 Å, as determined by single-crystal X- 

2 ray diffraction of molecular organo-Pb complexes.37 All attempts simulating the structure with 

3 different Pb–Pb bond orders and at different tilting angles of the whole structure did not resolve 

4 the experimental findings (compare Extended Data Fig. 4). With these findings, we conclude 

5 Pb@(FP-Pb) to be remarkable in three ways: 1) It is proof of the possibility of incorporating the 

6 functional porphyrin macrocycle into a fullerene-like carbon cage. 2) It is a bimetallic species that 

7 contains a metal atom in the endohedral cavity and another as part of the skeletal structure. 

8 Previously, metalated fullerenes were limited to either endohedral or exohedral complexes 

9 only.38,39 3) It shows that Pb atoms, which have never been found in metallofullerenes before, can 

10 be incorporated into fullerene-like nanocages. Thus, in principle, other metal nanocages can be 

11 envisioned to be synthesized from similar bottom-up methodologies as well, which are unavailable 

12 at the moment via the standard arc-discharge techniques to endohedral metallofullernenes.38 

13 In the last period of the movie (t = 31.5 – 43.5 s) in Fig. 3f, after a rotation of the structure, the 

14 skeletal Pb atom is ejected to leave a monometallic endohedral fullerophyrin Pb@(FP) behind, 

15 which remains stable under the imaging conditions for 12 s until the end of the movie. Again, this 

16 observation is significant as it proves the skeletal structure from another perspective and 

17 simultaneously highlights the envisioned reversibility of metallic complexation by the skeletal 

18 porphyrin. Furthermore, it qualitatively depicts the weakened Pb–Pb bond strength, which is 

19 indicated by the slightly increased bond length by 0.1 Å due to a reduced pyramidal inward 

20 coordination of the skeletal Pb atom. A vertically aligned structure of Pb@(FP-Pb), in which the 

21 Pb atoms are placed atop of each other is unlikely, as evinced from a cross-correlation analysis of 

22 Pb@(FP) with Pb@(FP-Pb), in which the cage structure shows poor overlap (Fig. 3g). 

23 
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2 Fig. 3. SMART-EM Analysis of the FP formation. a, state of (hemi-1')Pb during the first 7 s; structure appears to have 20 closed 
3 C–C bonds and 6 remaining H atoms; dangling C atoms are bound to the surface. b, intermediate (hemi-1")Pb with morphed 
4 shape; 20 closed C–C bonds and 2 remaining H atoms. c, transition from a stationary structure to a pitched structure with an 
5 additional Pb atom (hemi-1'")Pb2. d, apparent rolling of the structure over the surface. e, structural analysis of Pb@(FP-Pb); all 
6 24 C–C bonds closed, no remaining H atoms. f, Structural analysis of Pb@(FP). g, Cross-correlation image of a simulated Pb@(FP- 
7 Pb) (red/blue) with vertically alligned Pb atoms and observed Pb@(FP) (black/white). Scale bar 1 nm. 

8 
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of ET’ = 3.60 eV (compare Extended Data Fig. 5). 

our experimental conditions is estimated to be 5.7 x 103 e- nm-2s-1. 

1 Deconvolution of SMART-EM results. All chemical transformations are collected in a time- 

2 dependent event graph to assemble all factors and observations into a bigger picture (Fig. 4a). As 

3 depicted, the electron dose rate (EDR) of around 1.5 x 106 e- nm2s-1 remains nearly constant over 

4 the whole period, which leads to a linear accumulation of the TED over time. However, the 

5 observed molecular events show no linear correlation between the TED and EDR and thus appear 

6 stochastically. Nonetheless, each process, such as an H atom loss or C–C bond formation, can be 

7 correlated to a translational event of the structure on the surface.20 A mere knock-on induced C–C 

8 bond formation via hydrogen atom shedding to C• radicals, followed by radical recombination, can 

9 be ruled out for three reasons: 1) A significant energy contribution to the formation of the first 

10 hemi-fullerophyrin (hemi-1')Pb must have come already from secondary electrons in the beam 

11 shadow while scanning the area. The secondary electron flux derived from the carbon substrate at 

12 However, they cannot transfer 

13 enough momentum for a homolytic C–H bond cleavage due to their reduced kinetic energy 

14 (typically <<50 eV). As shown in Fig. 4b, a minimum kinetic energy of 3500 eV is required for a 

15 knock-on induced C–H bond cleavage in 1Pb, yet even fast secondary electrons from an inner 

16 shell oxidation of the specimen do not reach the required energy (carbon K-shell (1s) = 284 eV).28 

17 Nonetheless, their kinetic energy can be sufficiently low for electron attachment-induced 

18 processes, such as the hot electron reduction (vide supra) or a reductive cyclodehydrogenation.40– 

19 42 2) The knock-on displacement cross-section αd, derived from the McKinley-Feshbach 

20 equation,13 indicates that the earliest event of H atom shedding under direct 80 keV e-beam 

21 irradiation should occur for 1Pb after 19 x 106 e- nm-2. However, even if a maximum additional 

22 irradiation time of 5 s in the pre-recording period is considered, the loss of >80% of the H atoms 

23 in 1Pb cannot be explained. This finding indicates that the processes observed in this video are a 

24 result of a less energy-demanding chemical reaction mechanism rather than a physical 

25 fragmentation of the molecule via knock-on displacement.20 This includes the demetallation of 

26 1Pb via secondary knock-on effects from fast H-atoms, which cannot overcome the threshold 

27 displacement energy of complexed Pb of around 6 eV with a maximum transferred kinetic energy 

28 3) The significantly larger ionization cross- 

29 section of the highest occupied molecular orbital (HOMO) αrBEB by a factor of 105, derived from 

30 the relativistic Binary-Encounter-Bethe model,43 suggests that the observed transformations such 

31 as the demetallation and cyclodehydrogenation reactions are redox-based processes and thus, can 
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1 be regarded as electron beam-induced electrochemical analogs to the respective wet-chemical 

2 reactions. 

3 Another observation that can be reasoned with quantum chemical rationale is the fixation of the 

4 molecule to the graphene surface at the most-curved outer sidewall. A van der Waals-based 

5 immobilization of the molecule would prefer interactions with a larger surface area, subsequently 

6 

7 

8 

9 

10 polarization compared to FP or Pb@(FP) (compare Extended Data Fig. 7a). In view of the frontier 

11 

12 lifts the energy level of the highest occupied molecular level (HOMO), which is located at the 

13 

14 

15 Pb@(FP) and Pb@(FP-Pb) (Fig 4e, and Extended Data Fig. 7b). 
1 
2 Fig. 4. Summary of events and electronic characteristics of fullerophyrins. a, Number of events, total electron dose (TED), and 
3 electron dose rate (EDR), plotted against the time. b, Theoretical ionization cross-section (αrBEB) of 1(HOMO) and knock-on 
4 displacement cross-section (αd) for H, C, and N atoms calculated for 1. c, Electrostatic potential map of Pb@(FP-Pb) (color range 
5 from -30 to +20 kJ/mol, isovalue 0.002 e/au3). d, Energy distribution of frontier molecular orbitals of FP, Pb@(FP), and Pb@(FP- 
6 Pb) (isovalue 0.032 √(e/au3)). e, Sliced contour plot of the ionization potential of FP, Pb@(FP), and Pb@(FP-Pb) (color range 
7 from 8 to 15 eV). DFT level: B3LYP-D3/6-31G(d)/LANL2DZ>Kr. 

8 

unaffected (Fig. 4d). Ionization on the other hand, is dominated by the soft metal atoms of 

outer curvature of the cage, while the lowest unoccupied molecular orbital (LUMO) remains nearly 

molecular orbitals and therefore the cycloaddition chemistry of fullerophyrins, metalation of FP 

with the electrostatic potential (ESP) map of Pb@(FP-Pb) (Fig. 4c), which shows the strongest 

skeletal curvature facilitates the bonding to the GML via cycloaddition reactions. This is visualized 

reactivity of strained double bonds in fullerenes,44,45 the ν-bond polarization resulting from the 

leading to different TEM images (compare Extended Data Fig. 6). However, analogously to the 
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1 Conclusion 

2 Although first studies of matter under the influence of radiation can be dated back to the 19th 

3 century,46 the understanding of fast electron-induced molecular reactions is still in its infancy. 

4 Enabled through the radiation chemical cyclodehydrogenation, we demonstrated the 

5 transformation of a benzoporphyrin precursor 1Pb to a designer-made doubly-holed fullerene- 

6 porphyrin cage structure FP by in-depth SMART-EM analysis. Simultaneously, we evidenced the 

7 ability of FP to host up to two Pb atoms, which led to the exotic formation of bimetallic Pb@(FP- 
8 Pb) and the monometallic endohedral Pb@(FP). Subsequent insights about the complexation 

9 dynamics and the Pb–Pb binding motif of this organometallic cage structure were obtained. From 

10 the observations, we conclude that not only the fast primary electrons have to be considered for 

11 chemical transformations, but also the much slower secondary electrons in the beam shadow. The 

12 latter electron species might be responsible for the demetalation of the porphyrins via a hot- 

13 electron reduction, as well as the partial C–C bond formation to (hemi-1')Pb via a reductive 

14 cyclodehydrogenation. In contrast, the final cyclodehydrogenation reaction to the strained 

15 fullerene-like cage structure occurs under an oxidative primary 80 kV beam. With these 

16 cinematographic insights, we believe that SMART-EM will serve not only as an analytical tool for 

17 physical organic chemists but will resolve the synthetic capacity that can be expected from focused 

18 electron beam-induced reactions. Consequently, understanding radiation chemistry on the 

19 molecular level will tremendously impact the design and fabrication of well-defined topological 

20 nanostructures by e-beam lithographic techniques.35,47 

21 

22 Online Content 
 

23 The authors declare that the data supporting the findings of this study are available within the 

24 paper and its supplementary information files. 
 

25 Supporting Information. The following files are available free of charge. PDF file (Captions 

26 for Video S1 to S3, Supplementary Synthetic Details, Supplementary Description of Cross- 

27 Section Calculation, Supplementary Computational Details, XYZ Coordinates, NMR and MS 

28 Spectral Appendix, Supplementary Text, Figures S1 to S36, Supplementary Tables S1 to S19, 

29 Supplementary References), and AVI video files (Video S1 to S3). 
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CaH2 

1 Methods 
 

2 General synthetic methods. Chemicals were purchased from Sigma-Aldrich and used without 
3 further purification. Solvents were distilled prior to usage. CH2Cl2 was neutralized with K2CO3 
4 prior to distillation. Et2O was dried over and distilled prior to usage. Reactions were carried 
5 out under a dry N2 or Ar atmosphere, using standard Schlenk techniques. Further synthetic details 
6 are described in the Supplementary Information.48 

7 Synthesis of 1. Pyrene-2-carbaldehyde 3 (0.489 g; 2.12 mmol) and 4,7-dihydro-2H- 
8 ethanoisoindole 2 (0.307 g; 2.11 mmol) were dissolved in CH2Cl2 (125 mL) in a 250 mL Schlenk 
9 flask under N2. The solution was purged with N2 for 15 min before BF3.OEt2 (0.075 mL, 

10 0.61 mmol) was added. The mixture was stirred for 20 h at rt under light exclusion. Then 
11 DDQ (0.475 g; 2.09 mmol) was added, and the mixture was brought to reflux for 2 h under N2. 
12 After cooling to rt, the mixture was washed with a solution of 10% aqueous Na2SO3 (125 mL) and 
13 10% Na2CO3 (125 mL). The phases were separated, and the solvent was removed under vacuum. 
14 Then the crude product was heated under vacuum to 200 °C for 1.5 h. After cooling to rt, the solid 
15 was dissolved in CH2Cl2 and purified by plug filtration (SiO2, diameter 4 cm; height: 8 cm; 
16 CH2Cl2 + 1% TFA). The final purification was carried out by recrystallization (MeOH/CH2Cl2). 
17 The product was isolated as a dark green solid in 81% yield (0.565 g; 0.431 mmol).49–51 

18 Synthesis of 1Pb. In a flame-dried Schlenk tube, Pb(OAc)2x3H2O (22 mg; 57 µmol, 15 equiv) 
19 was dissolved in DMF (1.0 mL) under N2 and heated to 135 °C for 5 min. 5,10,15,20-tetrakis(2- 
20 pyrenyl)tetrabenzoporphyrin 1 (5.0 mg; 3.8 µmol) was added, and the mixture was heated to 
21 140 °C for 2 h. The reaction was cooled to rt, and the solvent was removed in vacuum. The crude 
22 product was re-dissolved in a small amount of CH2Cl2 and precipitated with MeOH. The 
23 precipitate was filtered and washed several times with MeOH. The brownish, slightly purple 
24 product (around 4 mg) was collected and stored in the vacuum on a hydrophobic PTFE filter paper 
25 until used for TEM experiments. 

26 Synthesis of 2. 4,7-dihydro-2H-ethanoisoindole 2 was prepared according to a procedure by 
27 Ruppel et al. Spectral data agreed with respective literature data.49 

28 Synthesis of 3. 2-Bromopyrene 4 (1.0 g, 3.56 mmol) was suspended in Et2O (50 mL) under N2 in 
29 a 250 mL Schlenk flask and cooled to -20 °C (ice water/salt mixture). n-BuLi 1.6 M in hexanes 
30 (5.0 mL, 8.0 mmol, 2.2 equiv) was added slowly under N2, and the reaction mixture was stirred 
31 for 1h at -20 °C. Then the bath was removed, and the mixture was stirred for another 30 min at rt. 
32 After the addition of DMF (10 mL, 144 mmol, 40 equiv), the mixture was stirred for 1 h at rt. The 
33 reaction was quenched carefully with 10% HCl solution, and the organic layer was evaporated. 
34 The mixture was extracted with CH2Cl2 (2x150 mL), and the combined organic layers were 
35 washed with water (2x150 mL) and brine (150 mL) before they were dried over MgSO4 and 
36 filtered. The solvent was removed by rotary evaporation. The crude product was adsorbed on silica 
37 gel and purified via column chromatography (SiO2, diameter: 5 cm, height: 30 cm, 
38 CH2Cl2:hexanes = 3:2). The product was isolated as a pale-yellow solid in 53% yield (0.43 g, 
39 1.87 mmol). 

40 Synthesis of 4. 2-bromopyrene 4 was synthesized according to a procedure by Crawford et al. 
41 Spectral data agreed with respective literature data.52 



16  

1 TEM grid preparation. CVD-grown monolayer graphene-coated quantifoil gold-grids, with a 
2 hole size of 2 µm and space between the holes of 4 µm, were purchased from Graphenea. Prior to 
3 usage, the graphene grids were purified with activated carbon using a modified dry-cleaning 
4 protocol.20,53 A small amount of dried activated carbon was placed into a petri dish, and the 
5 graphene grid was carefully placed atop and then fully covered with another portion of activated 
6 carbon. The petri dish was placed in a furnace under ambient conditions and annealed: 1) rt to 
7 210 °C in 45 min (heating rate around 4.6°C/min); 2) 210 °C for 30 min; 3) cooling to 120 °C in 
8 30 min. The grid was stored at 120 °C under activated carbon until it was used for the sample 
9 preparation. The grid was then mechanically cleaned from the activated carbon, using a gentle 

10 stream of dry N2 for several minutes. 

11 Sample preparation. A 10-5 M solution of 1Pb (10 µL) in THF was freshly prepared by dissolving 
12 the solid from the PTFE filter paper in THF (3 mL) before drop-casting one drop onto the dry- 
13 cleaned graphene grid. The excess sample solution was removed with a filter paper. The sample 
14 grid was cleaned with two cycles of MeOH (10 µL), followed by the removal of excess solvent 
15 with a filter paper. The grid was then pre-dried in high vacuum at 5 ξ 10-5 Pa for 2 h before 
16 introducing the sample into the TEM chamber. 

17 SMART-EM, STEM, and EDS elemental mapping. Observations were carried out on a cold 
18 FEG JEOL JEM-ARM200F instrument, equipped with a Cs aberration corrector and JED-2300T 
19 Energy Dispersive X-ray Spectrometer, at an acceleration voltage of 80 kV and a vacuum of 
20 1 ξ 10–5 Pa in the specimen chamber. Experiments were carried out on a heating holder (JEOL 
21 EM-21130). To remove volatile impurities from the specimen, the holder was heated at 573 K for 
22 30–60 min without electron irradiation before cooling to 298 ± 5 K. After the stage temperature 
23 settled to the target value, we waited for an additional 30 min to minimize thermal drift. EM videos 
24 were recorded on a CMOS camera (Gatan OneView, 4,096 ξ 4,096 pixels) operated in binning 2 
25 mode (output image size: 2,048 ξ 2,048 pixels, pixel resolution 0.021 nm at ξ1000,000), with an 
26 exposure time of 500 ms and a framerate of 2 fps. All images were automatically processed on 
27 Gatan DigitalMicrograph software. The specimen was screened for viable candidates at low dose 
28 conditions (≈10-5 e-s-1nm-2) to suppress e-beam-induced processes as much as possible. The typical 
29 time between finding and starting the recording of a respective scene was 1 to 3 s. STEM and EDS 
30 elemental mapping were carried out on a beryllium holder (JEOL EM-21130) at room temperature. 
31 HAADF STEM detector was used with a camera length of 8 cm (with detection angles ranging 
32 from 68 to 280mrad). The Probe size was 7C (60 pA), and the CL aperture size was 40 µm. The 
33 probe convergence angle was X (something between 28 to 33mrad). 

34 Image processing. Images were collected in the .dm3 format on Gatan DigitalMicrograph 
35 software and processed using ImageJ 1.51f software.54 To remove the unevenness of the electron 
36 irradiation, all images were processed by a bandpass filter (filtering structures smaller than 3 pixels 
37 and larger than 40 pixels, tolerance of direction: 5%), and contrast/brightness adjusted. Prior to 
38 analysis, images were subjected to a thermal drift correction. TEM simulation images were 
39 corrected according to the TEM experiment's electron dose rate and generated using a multi-slice 
40 procedure implemented in the Bionet elbis software.55 Simulation parameters were set to agree 
41 with the actual experimental parameters: acc. Volt. = 80.00 kV, ′Α = 0.04176 Å, Cs = -0.003 mm, 
42 df = 120 Å, Cc = 1.25 mm, de = 0.60 eV, α = 0.20 mrad, OL Aperture radius = 20.88 mrad, OL 
43 Aperture radius = 0.50 Å-1, pixel size = 0.0210844, max. Intens. = 1.1278. The simulations were 
44 processed analogously to the experimental TEM images to obtain the best correlation. 
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∑ 
1 Single-molecule statistical analysis. Single-molecule statistics were carried out from the plot 
2 profile analysis of the observed intermediate structures. The black maxima in the profile were used 
3 and measured as a reference point. The standard deviation was calculated according to Eq. 1. 

 
 

  )$' Eq. 1 "(̅#$!#) %$! # # = ߪ 4
5 DFT calculations. Geometry optimization and energy calculations were performed on Q-Chem 
6 as implemented in the SPARTAN '20 work package.56,57 Structures were optimized using the Head 
7 Gordon range-separated global hybrid generalized gradient approximation functional μB97X-D 
8 with Grimme D2 dispersion correction.58 Geometry optimization and initial evaluation of the 
9 molecules' energies were performed with the Pople-type dual basis split-valence triple-ζ/double-ζ 

10 quality basis set 6-311G(d,p)[6-31G(d)]. Thermochemical calculations were obtained using the 
11 Minnesota global hybrid meta generalized gradient approximation functional M06-2X with 54% 
12 Hartree-Fock exchange59 in combination with the Ahlrichs-Weigend triple-ζ quality basis set def2- 
13 TZVP.60 Further computational details and the calculations of cross-sections using the McKinley 
14 Feshbach approximation and the relativistic Binary encounter Bethe model are described in the 
15 Supplementary Information. 
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Cyclodehydrogenation steps 
1 
2 Extended Data Fig. 1. Thermochemical comparison of the cyclodehydrogenation reaction of C60H30 to C60 and 1 to FP. a, 
3 Reaction equation for the C60H30 to C60 conversion. b, Relative energies of intermediates for each reaction. c, Energy difference 
4 between each reaction intermediate. (DFT: M06-2X/def2-TZVP). 

5 

6 
 
 
 

1 
2 Extended Data Fig. 2. Characterization of 1M (M = Pt, Pd, Ni) species. a, UV/Vis analysis in THF at rt. Spectra are normalized at 
3 the absorption maximum of pyrene at 341 nm. b, TEM image of Pt, Pd, and Ni-atom aggregates. c, Low-mag TEM image of single 
4 metal atoms from 1M species. d, Time-dependent diffusion of single Pt-atoms. e, Time-dependent diffusion of single Pt-atoms. 
5 Arrows indicate the direction of motion. 
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2 Extended Data Fig. 3. Alternative simulations with an outside bound Pb atom instead of an endohedral metal atom. The surface 
3 of the molecule displays the van der Waals surface. In the side view, the graphene is depicted as a CPK model. Scale bar 1 nm. 

4 
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2 Extended Data Fig. 4. Simulation analysis of Pb-Pb distance in Pb@(FP-Pb) at various tilting angles. The measured angle is 
3 derived from the static graphene surface and the tilted molecule along the Pb-Pb bond. a, Pb-Pb single bond. b, non-bonded Pb 
4 atoms. Scale bar 1 nm. 

5 
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2 Extended Data Fig. 6. Additional simulation images of Pb@(FP-Pb) with graphene's most significant van der Waals surface 
3 interactions. Scale bar 1 nm. 

4 
2 Extended Data Fig. 7. Electronic evaluation of different Pb-, Ge-, and Zn-fullerophyrins. a, Electrostatic potential map of FP, (FP- 
3 M), M@(FP), and M@(FP-M) (color range from -30 to +20 kJ/mol, isovalue 0.002 e/au3) b, Sliced contour plot of the ionization 
4 potential of FP, (FP-M), M@(FP), and M@(FP-M) (color range from 7 to 15 eV). Black digits indicate natural atomic charge of 
5 metal atoms. DFT level: B3LYP-D3/6-311G(2d,p)//μB97X-D/6-31G(d) for Zn and Ge derivatives, B3LYP-D3/6-31G(d)/LANL2DZ>Kr 
6 for Pb-derivatives. 

7 
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1 Extended Data Table 1. Expected knock-on-induced events of 1. Summary on the threshold displacement energies Ed, the 
2 resulting displacement cross-section αd at 80 keV, and the minimum total electron dose TEDd for the homolytic C–H or C–C bond 
3 cleavage in 1; calculated at the M06-2X/def2-TZVP[6-31G(d)] level of theory for C–H, μB97X-D/6311G(d,p) for C–C, and B3LYP/6- 
4 31G(d)/LanL2DZ>Kr for C-N-Pb. 
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 2 

Abstract: The bottom-up synthesis of strained hollow cage structures, such as fullerenes, using 1 

traditional thermal or photochemical methods remains one of the most challenging tasks in organic 2 

chemistry. Here, we demonstrate the synthetic use of an electron beam by in-depth single-molecule 3 

atomic resolution time-resolved transmission electron microscopy studies to induce the formation 4 

of an elusive doubly-holed fullerene-porphyrin cage structure from a well-defined benzoporphyrin 5 

precursor deposited on graphene. Through real-time imaging, we analyze the hybrid's peculiar 6 

ability to host up to two Pb atoms and subsequently gain insights into the dynamics of the Pb–Pb 7 

binding motif in this exotic metallo-organic cage structure. Through density functional theory 8 

calculations and image simulations, we conclude that the much slower secondary electrons, which 9 

accumulate in the irradiated area's periphery, can also initiate chemical reactions. Consequently, 10 

designing advanced carbon nanostructures by e-beam lithography will depend on the 11 

understanding and limitations of molecular radiation chemistry. 12 

 13 

Keywords: molecular imaging; radiation chemistry; cinematic chemistry; single-molecule 14 

dynamics; DFT-modeling; transmission electron microscopy. 15 

 16 

  17 



 3 

Technological advancements in high-resolution transmission electron microscopy (HRTEM) 1 

enabled single-molecule atomic-resolution time-resolved electron microscopy (SMART-EM)1 or 2 

"ChemTEM" 2 techniques to literally change the chemists' view on molecular processes in real 3 

space and real-time analyses. A few recent highlights are the visualization and study of the NaCl 4 

nucleus emergence,3 the prenucleation of MOF-2 and MOF-5,4 the imaging of daptomycin 5 

molecules with and without calcium ions,5 the bond-dissociation of HF and H2O molecules in 6 

endohedral fullerenes,6 the unsupported metal-metal bond in a Re2 molecule,7 the reactivity of 7 

metal clusters and polyoxometalates,8,9 as well as ordered molecular superstructures.10–12 However, 8 

the magnificent potential to observe dynamic events at the smallest scale of matter, namely at the 9 

atomic and molecular level, comes at a price and is generally described as radiation damage.13–15 10 

Typical destructive mechanisms include the material's ionization and subsequent destructive 11 

transformations (radiolysis) and the homolytic displacement of atoms from the structure, which 12 

received sufficient kinetic energy from the e-beam (knock-on displacement). These destructive 13 

effects are highly dependent on the specimen itself and vary with the elemental composition, 14 

binding characteristics, and electronic structure; however, also the imaging conditions, such as the 15 

acceleration voltage, the electron flux and total dose, as well as the temperature settings will impact 16 

the lifetime of molecular intermediates during SMART-EM imaging critically.16 17 

On the other hand, from meticulously carried out cinematographic analyses of single-molecule 18 

reactions, several constructive and now well-understood reaction mechanisms were identified to 19 

occur under the e-beam. Apart from the homolytic dissociation of C–H bonds into radical pairs (C• 20 

and H•) followed by subsequent radical recombination chemistry,6,17 the [2 + 2] cycloaddition 21 

reaction of fullerenes,16,18 and the Stone-Wales rearrangement to, for instance, peanut-shaped C120 22 

nanotubes, have been identified.19 However, compared to the continuously growing repertoire of 23 

thermally, photochemically, or mechanically initiated organic reaction mechanisms developed in 24 

wet-chemical laboratories, only a little knowledge about the control and selectivity of e-beam-25 

induced mechanisms has been accumulated so far.1,2 Recently, we identified another reaction 26 

mechanism proceeding under the electron beam in the pre-programmed synthesis of fullerene C60, 27 

namely the cyclodehydrogenation.20 While this particular reaction was not achieved 28 

photochemically or thermally in solution, carried out under flash vacuum pyrolysis condition at 29 

1000 ºC, the reaction outcome is regioselective.21,22 Importantly, it is not the result of a 30 



 4 

thermodynamically driven rearrangement of carbon atoms to fullerene C60, as known from the arc-1 

discharge synthesis of fullerenes from graphite.23  2 

This study shows the de novo design and synthesis of a three-dimensional  p-conjugated molecular 3 

nanostructure, enabled through the e-beam-induced cyclodehydrogenation reaction in the TEM. 4 

As elucidated from cinematographic SMART-EM analyses, the designed lead(II)-containing 5 

benzoporphyrin precursor 1Pb, is shown to selectively zip up the respective fjord and cove region 6 

C–C bonds to form a three-dimensional hollow cage structure, an open-cage azafullerene, and 7 

freely diffusing Pb-atoms found on the graphene surface can be incorporated into the structure; 8 

one Pb atom as part of the endohedral cavity and another one complexed by the porphyrin 9 

macrocycle of the carbon exoskeleton. Correlated with electron-dose corrected TEM simulations 10 

and density functional theory (DFT) calculations, we identified this exotic hybrid structure and 11 

several key intermediates during its formation and subsequently gained mechanistic insights into 12 

the e-beam-induced transformations on the molecular level.  13 
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Results and discussion 1 

Design and synthesis. We envisioned using the electron beam as a synthetic and imaging tool to 2 

induce and observe the formation of a fullerene-porphyrin hybrid FP (C100H4N4) via the e-beam-3 

induced cyclodehydrogenation reaction. For that purpose, we designed and synthesized 2-pyrenyl 4 

substituted benzoporphyrin 1 (C100H54N4) via modified Lindsey condensation conditions (Fig. 1a) 5 

from masked isoindole 2 and 2-formylpyrene 3; thermal unmasking of the isoindole moieties gave 6 

1 in 81% overall yield. 3 was obtained in 53% yield after a lithium-halogen exchange of 2-7 

bromopyrene 4, followed by formylation with DMF. To introduce a high-contrast metal atom, 1 8 

was metalated to 1Pb (C100H52N4Pb) using Pb(OAc)2 in DMF at elevated temperature. We chose 9 

Pb as the central metal for the following reasons: 1) It has a high Z-contrast in TEM imaging, 10 

which facilitates the SMART-EM observations; 2) Unlike catalytically active transition metals 11 

with comparable contrast properties, such as platinum,24 Pb as a p-block element is unlikely to 12 

undergo C-H bond activation reactions or other C–C bond-forming reactions under the electron 13 

beam. The successful metalation is easily verified by absorption spectroscopy through the 14 

significant Soret and Q-bands shifts of the metalated benzoporphyrin (Fig. 1b), whereas the 15 

absorption characteristics of the pyrene moieties remain nearly unaffected.  16 

As predicted by DFT calculations, a consecutive zipping-up of the pyrenyl substituents with the 17 

benzoporphyrin core,25 the resulting eight five-membered rings in the framework lead to a 18 

distortion of the initial saddle structure of 1Pb (C2v symmetry) to a C4v symmetrical onion-shaped 19 

sphere with two opposing entrances to the endohedral cavity (Fig. 1c). The structure of the open-20 

cage atoms, including the complexed metal atom, follows the isolated pentagon rule (IPR) for 21 

fullerenes. However, the IPR conditions are not met upon closing the lower rim in FP to twelve 22 

pentagons through the substitution of the hydrogen atoms by a quaternary fenestrane-type carbon 23 

atom (Fig. 1d). The thermochemical analysis (Fig. 1e) at the density functional M06-2X/def2-24 

TZVP//wB97X-D/6-31G(d) level of theory reveals an increase in relative energy over the 25 

consecutive 24 cyclodehydrogenation steps to around 30.1 eV, which corresponds to an average 26 

DE per step of 1.25 eV. In comparison, this value is less than for forming fullerene C60 from truxene 27 

derivative C60H30, which requires around 1.4 eV per step (compare Extended Data Fig. 1).20 Thus, 28 

from a thermochemical perspective, the precursor design appears reasonable. 29 



 6 

   1 
Fig. 1. Experimental and computational approach to fullerophyrin FP. a, Wet-chemical synthesis of benzoporphyrin precursor 2 
1Pb. b, Absorption spectra of 1 and 1Pb in CH2Cl2 at rt, spectra normalized to pyrene's p-band. c, Electron beam-induced 3 
cyclodehydrogenation to FP. Top and side view of the DFT geometry optimized structure of free-base FP. d, Hypothetical closure 4 
of the lower rim opening of FP with a quaternary carbon atom with a [5.5.5.5]fenestrane motif to give a non-IPR cage structure. 5 
e, Thermochemical analysis of the consecutive H2 loss via cyclodehydrogenation of 1 to FP. Only isomers obtained from a zipper 6 
mechanism were considered (108 intermediates).  7 

 8 

 9 
  10 

0

0.5

1

1.5

2

2.5

3

3.5

0

5

10

15

20

25

30

0 4 8 12 16 20 24

D 
En

er
gy

 (e
V)

Re
la

tiv
e 

en
er

gy
 (e

V)

C100H54N4 - nH2

Br O H

N
H N

N

N

NM+

CH2Cl2
1. BF3•OEt2, N2, rt
2. DDQ, N2, D
3. vacuum, 205 °C

1 (M = 2H)

1Pb (M = Pb)

4 3
2

b

81%

Et2O
1. n-BuLi, N2, -20 °C
2. DMF, N2, rt 
3. HCl

53%

DMF
Pb(OAc)2
N2, 140 °C

a

N

N

N

NM

c d

80 keV 
e-beam

FP-M

300 400 500 600 700 800

Ab
so

rp
tio

n 
(a

.u
.)

Wavelength (nm)

e

[5.5.5.5]fenestrane

IPR cage Non-IPR cage

Substitution 
of H-atoms

 



 7 

Sample preparation and general (S)TEM analysis. We drop-casted 10 µL of a 10−5 M solution 1 

of 1Pb dissolved in THF on a dry-cleaned graphene-coated TEM grid, the excess solution was 2 

dabbed off, and the grid was dried in high vacuum (10−5
 Pa) for 2 h before insertion into the TEM. 3 

Observations were carried out with an aberration-corrected TEM (JEM-ARM200F) at 303±5 K at 4 

magnifications of 1000k, equipped with a scintillator-based CMOS camera (Gatan OneView). The 5 

vacuum of the specimen chamber was constant at 1x10-5 Pa, the acceleration voltage was set to 80 6 

kV, and the camera frame rate was kept at 2 fps. Traces of remaining volatiles were removed in 7 

the TEM by heating the grid to 473 K for 1 h before exposure to the electron beam. After scanning 8 

the graphene surface for viable candidates, we discovered a spherical structure attached to a 9 

graphene monolayer (GML) near an amorphous aggregate of Pb atoms, which served as a Pb-atom 10 

reservoir (Fig. 2a). Nearby, several single Pb-atoms were found to diffuse at the edge of the 11 

amorphous carbon layer. As shown in the high-angle annular dark-field scanning transmission 12 

electron microscopy (HAADF-STEM) images in Fig. 2b, the sizes of the Pb aggregates span from 13 

2 to 25 nm while maintaining only minor crystalline character. Energy-dispersive X-ray 14 

spectroscopy (EDS) and mapping confirmed that the clusters consist of Pb atoms and are no other 15 

metal artifacts from sample preparation or the fabrication of the gold grid. On the other hand, the 16 

expected p-p stacks of pristine 1Pb, demetalated 1, or even immobilized structures via C–C bonds 17 

to graphene were not observed (Fig. 2c), since all molecules appeared to have reacted before being 18 

imaged by the primary beam electrons (vide infra). 19 

The sheer number of single Pb-atoms and aggregates is astonishing. However, it can be 20 

rationalized by a hot electron (Ekin > 0 eV) reduction mechanism,26,27 as described in Fig. 2c: An 21 

electron attachment to 1Pb occurs through secondary electrons (Ekin << 50 eV)28 from the specimen 22 

in the outer periphery of the electron beam-irradiated area, herein defined as beam shadow. Then, 23 

the metal ion is quickly released (order of picoseconds) from the macrocycle onto the substrate via 24 

an electrochemical reduction of 1Pb0 to 1Pb-1 or 1Pb-2. Albeit a less common technique, wet-25 

chemical reductive demetallation of porphyrins has been reported in the literature.29,30 Evidence 26 

for the secondary electron accumulation in the beam shadow is visualized in the low magnification 27 

TEM image in Fig. 2d, in which the previously irradiated area at high magnification (highlighted 28 

with yellow arrows) is surrounded by a dark rim of charge-induced volatiles accumulation. 29 

Ejection and accumulation of secondary electrons from poorly conductive specimens are known 30 
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as the Berriman effect and are,31–33 in our case, primarily driven by the poorly conductive 1 

hydrocarbon residues and amorphous carbon layers on the graphene surface. This effect leads to 2 

the net formation of an oxidative area, caused by the fast primary electrons from the beam, and a 3 

reductive site, induced by slow secondary electrons from the specimen, which is approximately 50 4 

nm larger in diameter than the initial irradiated area.34 Thus, the induced electric field is dependent 5 

on the conductivity of the specimen and the electron flux, as described in Fig. 2d iii-iv.35 6 

A reductive demetallation mechanism is further supported by density functional theory (DFT) 7 

calculations, in which we determined the relative threshold dissociation energy DEd for the Pb 8 

release from the macrocycle. As shown in Fig. 2e, reducing 1Pb0 to 1Pb-1 or 1Pb-2 lowers DEd(N4-9 

Pb) up to 1.7 eV, whereas an oxidative electron removal shows only marginal effects on the 10 

binding energy. Thus, the reductive demetallation is likely to proceed in the beam shadow without 11 

being witnessed by the direct microscopic observation, whereas a knock-on induced carbon 12 

displacement and thus the decomposition of macrocycle 1 is expected to proceed after a total 13 

electron dose (TED) of around 45 x 106 e-nm-2 and therefore renders this pathway to be unlikely 14 

(compare Extended Data Table 1). Identical observations were made for strongly complexed metal 15 

derivatives 1Pt, 1Pd, and 1Ni (compare Extended Data Fig. 2), which describes this phenomenon 16 

as applicable beyond weakly bound Pb-porphyrins. 17 

  18 
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 1 
Fig. 2 Electron microscopic analysis of the overall environment of the starting FP intermediate and mechanistic insights. a, 2 
Overview of starting scene. The yellow dashed circle highlights the structure of interest; the magenta-highlighted area resembles 3 
an amorphous Pb-atom aggregate; the green area the GML; the blue area an amorphous carbon layer. The colors of the FFT 4 
diffraction pattern match the selected areas. b, HAADF-STEM image and EDS analysis of Pb-atom aggregates: i) low-mag. HAADF-5 
STEM, ii) high-mag. HAADF-STEM, iii) EDS elemental mapping of Pb from ii), iv) EDS spectrum. c, TEM simulations of pristine 1Pb 6 
and 1 on graphene. d, Proposed mechanism: 1) hot electron uptake; 2) reduction of metalloporphyrin; 3) decomplexation and 7 
release of metal atom onto the substrate. e, i) Berriman effect-induced accumulation of charged volatiles in the periphery of the 8 
primary beam-irradiated area, ii) beam-induced electrochemical areas on the substrate, iii) beam-induced currents on the 9 
substrate, iv) charge conservation equation; I0: Primary electron beam current, IT: transmitted electron beam current, E: electric 10 
field vector, Ie: secondary electron current, I+: cation flux, IS: electron back current. f, Morse potential for the N4–Pb bond 11 
elongation and determination of the bond threshold dissociation energy Ed at different charging states of 1Pb; calculated at the 12 
density functional B3LYP/6-31G(d)/LANL2DZ>Kr level of theory. 13 
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SMART-EM analysis. With the localized structure of interest from Fig. 2a, we will now focus on 1 

the structure determination and its dynamics during the course of observation (Supplementary 2 

Video 1). At this point, the time is arbitrarily set to 0 s, as the area might have been irradiated for 3 

3-5 s during the search for the structure prior to the recording. Thus, the received energy from the 4 

e-beam transformed 1Pb already into a cylindrical bowl structure, as reconstructed from the atomic 5 

number (Z)-adjusted model and TEM image simulations in Fig. 3a.36 From statistical 6 

measurements of that singular entity over all frames (t = 0 s – 7.0 s) whose circular shape persisted, 7 

the structure measured 0.89 ± 0.02 nm x 0.90 ± 0.03 nm. These dimensions, shape, and phase 8 

contrast are well reproduced by a C100H6N4 model (hemi-1')Pb (for comparison: 1 = C100H54N4), 9 

with 20 zipped-up C–C bonds, six remaining hydrogen atoms, and a Pb atom coordinated by 10 

carbon atoms at the lower rim. The remaining dangling carbon atoms are bound to the GML, which 11 

immobilizes the structure on the surface. During a short transition period (t = 7.5 – 9.0 s), the shape 12 

of (hemi-1")Pb morphs to a pentagon-shaped structure with a diameter of 0.87 ± 0.02 nm, which 13 

lasts for 2.0 s (Fig. 3b). The transition is accompanied by the loss of four hydrogen atoms, as 14 

identified by the model. The simulation with a diameter of 0.89 nm fits well within the 15 

experimental error of ± 0.02 nm.  16 

In the period from 12.0 s to 20.5 s, several dynamic processes with severe impact on the structure 17 

take place. As displayed in Fig. 3c, a second Pb-atom, fueled from the neighboring Pb-cluster, 18 

attaches to the structure to give a (hemi-1'")Pb2 structure that appears to be tipped over onto the 19 

sidewall. The model suggests that an additional C–C bond has formed at this point. From there on 20 

(Fig. 3d), the structure undergoes a rolling translation of around 0.65 nm on the surface, which 21 

leads to the C–C bond formation of the last three remaining open fjord regions and the subsequent 22 

incorporation of both Pb atoms; one into the endohedral cavity and the second by complexation at 23 

the porphyrinic site of the skeleton.  24 

This exotic bimetallic cage structure, denoted as Pb@(FP-Pb) (Fig. 3e), could be identified by an 25 

excellent match between the experimental TEM image (diameter: 0.79 ± 0.01 nm) and the 26 

simulation (0.79 nm). Furthermore, from comparative simulations, we could verify that the metal 27 

atom is not located outside the cage (compare Extended Data Fig. 3) and thus get detailed insights 28 

about rather rare molecular Pb–Pb interactions as found in the complex. As shown in the side-view 29 

of the model, the experimentally measured Pb-Pb distance of 3.0 Å fits a model that contains a 30 

Pb–Pb single bond of 3.01 Å. While not many reports on bimetallic Pb-complexes are available, 31 
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our results fit well with the averaged Pb–Pb distance of 2.94 Å, as determined by single-crystal X-1 

ray diffraction of molecular organo-Pb complexes.37 All attempts simulating the structure with 2 

different Pb–Pb bond orders and at different tilting angles of the whole structure did not resolve 3 

the experimental findings (compare Extended Data Fig. 4). With these findings, we conclude 4 

Pb@(FP-Pb) to be remarkable in three ways: 1) It is proof of the possibility of incorporating the 5 

functional porphyrin macrocycle into a fullerene-like carbon cage. 2) It is a bimetallic species that 6 

contains a metal atom in the endohedral cavity and another as part of the skeletal structure. 7 

Previously, metalated fullerenes were limited to either endohedral or exohedral complexes 8 

only.38,39 3) It shows that Pb atoms, which have never been found in metallofullerenes before, can 9 

be incorporated into fullerene-like nanocages. Thus, in principle, other metal nanocages can be 10 

envisioned to be synthesized from similar bottom-up methodologies as well, which are unavailable 11 

at the moment via the standard arc-discharge techniques to endohedral metallofullernenes.38  12 

In the last period of the movie (t = 31.5 – 43.5 s) in Fig. 3f, after a rotation of the structure, the 13 

skeletal Pb atom is ejected to leave a monometallic endohedral fullerophyrin Pb@(FP) behind, 14 

which remains stable under the imaging conditions for 12 s until the end of the movie. Again, this 15 

observation is significant as it proves the skeletal structure from another perspective and 16 

simultaneously highlights the envisioned reversibility of metallic complexation by the skeletal 17 

porphyrin. Furthermore, it qualitatively depicts the weakened Pb–Pb bond strength, which is 18 

indicated by the slightly increased bond length by 0.1 Å due to a reduced pyramidal inward 19 

coordination of the skeletal Pb atom. A vertically aligned structure of Pb@(FP-Pb), in which the 20 

Pb atoms are placed atop of each other is unlikely, as evinced from a cross-correlation analysis of 21 

Pb@(FP) with Pb@(FP-Pb), in which the cage structure shows poor overlap (Fig. 3g). 22 

  23 
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  1 
Fig. 3. SMART-EM Analysis of the FP formation. a, state of (hemi-1')Pb during the first 7 s; structure appears to have 20 closed 2 
C–C bonds and 6 remaining H atoms; dangling C atoms are bound to the surface. b, intermediate (hemi-1")Pb with morphed 3 
shape; 20 closed C–C bonds and 2 remaining H atoms. c, transition from a stationary structure to a pitched structure with an 4 
additional Pb atom (hemi-1'")Pb2. d, apparent rolling of the structure over the surface. e, structural analysis of Pb@(FP-Pb); all 5 
24 C–C bonds closed, no remaining H atoms. f, Structural analysis of Pb@(FP). g, Cross-correlation image of a simulated Pb@(FP-6 
Pb) (red/blue) with vertically alligned Pb atoms and observed Pb@(FP) (black/white). Scale bar 1 nm. 7 
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Deconvolution of SMART-EM results. All chemical transformations are collected in a time-1 

dependent event graph to assemble all factors and observations into a bigger picture (Fig. 4a). As 2 

depicted, the electron dose rate (EDR) of around 1.5 x 106 e- nm2s-1 remains nearly constant over 3 

the whole period, which leads to a linear accumulation of the TED over time. However, the 4 

observed molecular events show no linear correlation between the TED and EDR and thus appear 5 

stochastically. Nonetheless, each process, such as an H atom loss or C–C bond formation, can be 6 

correlated to a translational event of the structure on the surface.20 A mere knock-on induced C–C 7 

bond formation via hydrogen atom shedding to C• radicals, followed by radical recombination, can 8 

be ruled out for three reasons: 1) A significant energy contribution to the formation of the first 9 

hemi-fullerophyrin (hemi-1')Pb must have come already from secondary electrons in the beam 10 

shadow while scanning the area. The secondary electron flux derived from the carbon substrate at 11 

our experimental conditions is estimated to be 5.7 x 103 e- nm-2s-1. However, they cannot transfer 12 

enough momentum for a homolytic C–H bond cleavage due to their reduced kinetic energy 13 

(typically <<50 eV). As shown in Fig. 4b, a minimum kinetic energy of 3500 eV is required for a 14 

knock-on induced C–H bond cleavage in 1Pb, yet even fast secondary electrons from an inner 15 

shell oxidation of the specimen do not reach the required energy (carbon K-shell (1s) = 284 eV).28 16 

Nonetheless, their kinetic energy can be sufficiently low for electron attachment-induced 17 

processes, such as the hot electron reduction (vide supra) or a reductive cyclodehydrogenation.40–18 
42 2) The knock-on displacement cross-section sd, derived from the McKinley-Feshbach 19 

equation,13 indicates that the earliest event of H atom shedding under direct 80 keV e-beam 20 

irradiation should occur for 1Pb after 19 x 106 e- nm-2. However, even if a maximum additional 21 

irradiation time of 5 s in the pre-recording period is considered, the loss of >80% of the H atoms 22 

in 1Pb cannot be explained. This finding indicates that the processes observed in this video are a 23 

result of a less energy-demanding chemical reaction mechanism rather than a physical 24 

fragmentation of the molecule via knock-on displacement.20 This includes the demetallation of 25 

1Pb via secondary knock-on effects from fast H-atoms, which cannot overcome the threshold 26 

displacement energy of complexed Pb of around 6 eV with a maximum transferred kinetic energy 27 

of ET’ = 3.60 eV (compare Extended Data Fig. 5). 3) The significantly larger ionization cross-28 

section of the highest occupied molecular orbital (HOMO) srBEB by a factor of 105, derived from 29 

the relativistic Binary-Encounter-Bethe model,43 suggests that the observed transformations such 30 

as the demetallation and cyclodehydrogenation reactions are redox-based processes and thus, can 31 
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be regarded as electron beam-induced electrochemical analogs to the respective wet-chemical 1 

reactions. 2 

Another observation that can be reasoned with quantum chemical rationale is the fixation of the 3 

molecule to the graphene surface at the most-curved outer sidewall. A van der Waals-based 4 

immobilization of the molecule would prefer interactions with a larger surface area, subsequently 5 

leading to different TEM images (compare Extended Data Fig. 6). However, analogously to the 6 

reactivity of strained double bonds in fullerenes,44,45 the p-bond polarization resulting from the 7 

skeletal curvature facilitates the bonding to the GML via cycloaddition reactions. This is visualized 8 

with the electrostatic potential (ESP) map of Pb@(FP-Pb) (Fig. 4c), which shows the strongest 9 

polarization compared to FP or Pb@(FP) (compare Extended Data Fig. 7a). In view of the frontier 10 

molecular orbitals and therefore the cycloaddition chemistry of fullerophyrins, metalation of FP 11 

lifts the energy level of the highest occupied molecular level (HOMO), which is located at the 12 

outer curvature of the cage, while the lowest unoccupied molecular orbital (LUMO) remains nearly 13 

unaffected (Fig. 4d). Ionization on the other hand, is dominated by the soft metal atoms of 14 

Pb@(FP) and Pb@(FP-Pb) (Fig 4e, and Extended Data Fig. 7b).  15 
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 1 
Fig. 4. Summary of events and electronic characteristics of fullerophyrins. a, Number of events, total electron dose (TED), and 2 
electron dose rate (EDR), plotted against the time. b, Theoretical ionization cross-section (srBEB) of 1(HOMO) and knock-on 3 
displacement cross-section (sd) for H, C, and N atoms calculated for 1. c, Electrostatic potential map of Pb@(FP-Pb) (color range 4 
from -30 to +20 kJ/mol, isovalue 0.002 e/au3). d, Energy distribution of frontier molecular orbitals of FP, Pb@(FP), and Pb@(FP-5 
Pb) (isovalue 0.032 √(e/au3)). e, Sliced contour plot of the ionization potential of FP, Pb@(FP), and Pb@(FP-Pb) (color range 6 
from 8 to 15 eV). DFT level: B3LYP-D3/6-31G(d)/LANL2DZ>Kr.  7 
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Conclusion 1 

Although first studies of matter under the influence of radiation can be dated back to the 19th 2 

century,46 the understanding of fast electron-induced molecular reactions is still in its infancy. 3 

Enabled through the radiation chemical cyclodehydrogenation, we demonstrated the 4 

transformation of a benzoporphyrin precursor 1Pb to a designer-made doubly-holed fullerene-5 

porphyrin cage structure FP by in-depth SMART-EM analysis. Simultaneously, we evidenced the 6 

ability of FP to host up to two Pb atoms, which led to the exotic formation of bimetallic Pb@(FP-7 

Pb) and the monometallic endohedral Pb@(FP). Subsequent insights about the complexation 8 

dynamics and the Pb–Pb binding motif of this organometallic cage structure were obtained. From 9 

the observations, we conclude that not only the fast primary electrons have to be considered for 10 

chemical transformations, but also the much slower secondary electrons in the beam shadow. The 11 

latter electron species might be responsible for the demetalation of the porphyrins via a hot-12 

electron reduction, as well as the partial C–C bond formation to (hemi-1')Pb via a reductive 13 

cyclodehydrogenation. In contrast, the final cyclodehydrogenation reaction to the strained 14 

fullerene-like cage structure occurs under an oxidative primary 80 kV beam. With these 15 

cinematographic insights, we believe that SMART-EM will serve not only as an analytical tool for 16 

physical organic chemists but will resolve the synthetic capacity that can be expected from focused 17 

electron beam-induced reactions. Consequently, understanding radiation chemistry on the 18 

molecular level will tremendously impact the design and fabrication of well-defined topological 19 

nanostructures by e-beam lithographic techniques.35,47 20 
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Methods 1 

General synthetic methods. Chemicals were purchased from Sigma-Aldrich and used without 2 
further purification. Solvents were distilled prior to usage. CH2Cl2 was neutralized with K2CO3 3 
prior to distillation. Et2O was dried over CaH2 and distilled prior to usage. Reactions were carried 4 
out under a dry N2 or Ar atmosphere, using standard Schlenk techniques. Further synthetic details 5 
are described in the Supplementary Information.48 6 

Synthesis of 1. Pyrene-2-carbaldehyde 3 (0.489 g; 2.12 mmol) and 4,7-dihydro-2H-7 
ethanoisoindole 2 (0.307 g; 2.11 mmol) were dissolved in CH2Cl2 (125 mL) in a 250 mL Schlenk 8 
flask under N2. The solution was purged with N2 for 15 min before BF3

.OEt2 (0.075 mL, 9 
0.61 mmol) was added. The mixture was stirred for 20 h at rt under light exclusion. Then 10 
DDQ (0.475 g; 2.09 mmol) was added, and the mixture was brought to reflux for 2 h under N2. 11 
After cooling to rt, the mixture was washed with a solution of 10% aqueous Na2SO3 (125 mL) and 12 
10% Na2CO3 (125 mL). The phases were separated, and the solvent was removed under vacuum. 13 
Then the crude product was heated under vacuum to 200 °C for 1.5 h. After cooling to rt, the solid 14 
was dissolved in CH2Cl2 and purified by plug filtration (SiO2, diameter 4 cm; height: 8 cm; 15 
CH2Cl2 + 1% TFA). The final purification was carried out by recrystallization (MeOH/CH2Cl2). 16 
The product was isolated as a dark green solid in 81% yield (0.565 g; 0.431 mmol).49–51 17 

Synthesis of 1Pb. In a flame-dried Schlenk tube, Pb(OAc)2x3H2O (22 mg; 57 µmol, 15 equiv) 18 
was dissolved in DMF (1.0 mL) under N2 and heated to 135 °C for 5 min. 5,10,15,20-tetrakis(2-19 
pyrenyl)tetrabenzoporphyrin 1 (5.0 mg; 3.8 µmol) was added, and the mixture was heated to 20 
140 °C for 2 h. The reaction was cooled to rt, and the solvent was removed in vacuum. The crude 21 
product was re-dissolved in a small amount of CH2Cl2 and precipitated with MeOH. The 22 
precipitate was filtered and washed several times with MeOH. The brownish, slightly purple 23 
product (around 4 mg) was collected and stored in the vacuum on a hydrophobic PTFE filter paper 24 
until used for TEM experiments.  25 

Synthesis of 2. 4,7-dihydro-2H-ethanoisoindole 2 was prepared according to a procedure by 26 
Ruppel et al. Spectral data agreed with respective literature data.49 27 

Synthesis of 3. 2-Bromopyrene 4 (1.0 g, 3.56 mmol) was suspended in Et2O (50 mL) under N2 in 28 
a 250 mL Schlenk flask and cooled to -20 °C (ice water/salt mixture). n-BuLi 1.6 M in hexanes 29 
(5.0 mL, 8.0 mmol, 2.2 equiv) was added slowly under N2, and the reaction mixture was stirred 30 
for 1h at -20 °C. Then the bath was removed, and the mixture was stirred for another 30 min at rt. 31 
After the addition of DMF (10 mL, 144 mmol, 40 equiv), the mixture was stirred for 1 h at rt. The 32 
reaction was quenched carefully with 10% HCl solution, and the organic layer was evaporated. 33 
The mixture was extracted with CH2Cl2 (2x150 mL), and the combined organic layers were 34 
washed with water (2x150 mL) and brine (150 mL) before they were dried over MgSO4 and 35 
filtered. The solvent was removed by rotary evaporation. The crude product was adsorbed on silica 36 
gel and purified via column chromatography (SiO2, diameter: 5 cm, height: 30 cm, 37 
CH2Cl2:hexanes = 3:2). The product was isolated as a pale-yellow solid in 53% yield (0.43 g, 38 
1.87 mmol).  39 

Synthesis of 4. 2-bromopyrene 4 was synthesized according to a procedure by Crawford et al. 40 
Spectral data agreed with respective literature data.52 41 
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TEM grid preparation. CVD-grown monolayer graphene-coated quantifoil gold-grids, with a 1 
hole size of 2 µm and space between the holes of 4 µm, were purchased from Graphenea. Prior to 2 
usage, the graphene grids were purified with activated carbon using a modified dry-cleaning 3 
protocol.20,53 A small amount of dried activated carbon was placed into a petri dish, and the 4 
graphene grid was carefully placed atop and then fully covered with another portion of activated 5 
carbon. The petri dish was placed in a furnace under ambient conditions and annealed: 1) rt to 6 
210 °C in 45 min (heating rate around 4.6°C/min); 2) 210 °C for 30 min; 3) cooling to 120 °C in 7 
30 min. The grid was stored at 120 °C under activated carbon until it was used for the sample 8 
preparation. The grid was then mechanically cleaned from the activated carbon, using a gentle 9 
stream of dry N2 for several minutes. 10 

Sample preparation. A 10-5 M solution of 1Pb (10 µL) in THF was freshly prepared by dissolving 11 
the solid from the PTFE filter paper in THF (3 mL) before drop-casting one drop onto the dry-12 
cleaned graphene grid. The excess sample solution was removed with a filter paper. The sample 13 
grid was cleaned with two cycles of MeOH (10 µL), followed by the removal of excess solvent 14 
with a filter paper. The grid was then pre-dried in high vacuum at 5 ´ 10-5 Pa for 2 h before 15 
introducing the sample into the TEM chamber. 16 

SMART-EM, STEM, and EDS elemental mapping. Observations were carried out on a cold 17 
FEG JEOL JEM-ARM200F instrument, equipped with a Cs aberration corrector and JED-2300T 18 
Energy Dispersive X-ray Spectrometer, at an acceleration voltage of 80 kV and a vacuum of 19 
1 ´ 10–5 Pa in the specimen chamber. Experiments were carried out on a heating holder (JEOL 20 
EM-21130). To remove volatile impurities from the specimen, the holder was heated at 573 K for 21 
30–60 min without electron irradiation before cooling to 298 ± 5 K. After the stage temperature 22 
settled to the target value, we waited for an additional 30 min to minimize thermal drift. EM videos 23 
were recorded on a CMOS camera (Gatan OneView, 4,096 ´ 4,096 pixels) operated in binning 2 24 
mode (output image size: 2,048 ´ 2,048 pixels, pixel resolution 0.021 nm at ´1000,000), with an 25 
exposure time of 500 ms and a framerate of 2 fps. All images were automatically processed on 26 
Gatan DigitalMicrograph software. The specimen was screened for viable candidates at low dose 27 
conditions (≈10-5 e-s-1nm-2) to suppress e-beam-induced processes as much as possible. The typical 28 
time between finding and starting the recording of a respective scene was 1 to 3 s. STEM and EDS 29 
elemental mapping were carried out on a beryllium holder (JEOL EM-21130) at room temperature. 30 
HAADF STEM detector was used with a camera length of 8 cm (with detection angles ranging 31 
from 68 to 280mrad). The Probe size was 7C (60 pA), and the CL aperture size was 40 µm. The 32 
probe convergence angle was X (something between 28 to 33mrad).  33 

Image processing. Images were collected in the .dm3 format on Gatan DigitalMicrograph 34 
software and processed using ImageJ 1.51f software.54 To remove the unevenness of the electron 35 
irradiation, all images were processed by a bandpass filter (filtering structures smaller than 3 pixels 36 
and larger than 40 pixels, tolerance of direction: 5%), and contrast/brightness adjusted. Prior to 37 
analysis, images were subjected to a thermal drift correction. TEM simulation images were 38 
corrected according to the TEM experiment's electron dose rate and generated using a multi-slice 39 
procedure implemented in the Bionet elbis software.55 Simulation parameters were set to agree 40 
with the actual experimental parameters: acc. Volt. = 80.00 kV, l = 0.04176 Å, Cs = -0.003 mm, 41 
df = 120 Å, Cc = 1.25 mm, de = 0.60 eV, a = 0.20 mrad, OL Aperture radius = 20.88 mrad, OL 42 
Aperture radius = 0.50 Å-1, pixel size = 0.0210844, max. Intens. = 1.1278. The simulations were 43 
processed analogously to the experimental TEM images to obtain the best correlation.  44 
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Single-molecule statistical analysis. Single-molecule statistics were carried out from the plot 1 
profile analysis of the observed intermediate structures. The black maxima in the profile were used 2 
and measured as a reference point. The standard deviation was calculated according to Eq. 1. 3 

𝜎 = #∑ (#!$#̅)"#
!$%
'$(

     Eq. 1 4 

DFT calculations. Geometry optimization and energy calculations were performed on Q-Chem 5 
as implemented in the SPARTAN '20 work package.56,57 Structures were optimized using the Head 6 
Gordon range-separated global hybrid generalized gradient approximation functional wB97X-D 7 
with Grimme D2 dispersion correction.58 Geometry optimization and initial evaluation of the 8 
molecules' energies were performed with the Pople-type dual basis split-valence triple-ζ/double-ζ 9 
quality basis set 6-311G(d,p)[6-31G(d)]. Thermochemical calculations were obtained using the 10 
Minnesota global hybrid meta generalized gradient approximation functional M06-2X with 54% 11 
Hartree-Fock exchange59 in combination with the Ahlrichs-Weigend triple-ζ quality basis set def2-12 
TZVP.60 Further computational details and the calculations of cross-sections using the McKinley 13 
Feshbach approximation and the relativistic Binary encounter Bethe model are described in the 14 
Supplementary Information. 15 
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  1 
Extended Data Fig. 1. Thermochemical comparison of the cyclodehydrogenation reaction of C60H30 to C60 and 1 to FP. a, 2 
Reaction equation for the C60H30 to C60 conversion. b, Relative energies of intermediates for each reaction. c, Energy difference 3 
between each reaction intermediate. (DFT: M06-2X/def2-TZVP). 4 
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  1 
Extended Data Fig. 2. Characterization of 1M (M = Pt, Pd, Ni) species. a, UV/Vis analysis in THF at rt. Spectra are normalized at 2 
the absorption maximum of pyrene at 341 nm. b, TEM image of Pt, Pd, and Ni-atom aggregates. c, Low-mag TEM image of single 3 
metal atoms from 1M species. d, Time-dependent diffusion of single Pt-atoms. e, Time-dependent diffusion of single Pt-atoms. 4 
Arrows indicate the direction of motion.   5 
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 1 
Extended Data Fig. 3. Alternative simulations with an outside bound Pb atom instead of an endohedral metal atom. The surface 2 
of the molecule displays the van der Waals surface. In the side view, the graphene is depicted as a CPK model. Scale bar 1 nm. 3 
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  1 

Extended Data Fig. 4. Simulation analysis of Pb-Pb distance in Pb@(FP-Pb) at various tilting angles. The measured angle is 2 
derived from the static graphene surface and the tilted molecule along the Pb-Pb bond. a, Pb-Pb single bond. b, non-bonded Pb 3 
atoms. Scale bar 1 nm. 4 
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 1 
Extended Data Fig. 5. Secondary knock-on-induced demetallation of complexed Pb atoms through a fast atom flux. a, Schematic 2 
depiction of energy transfer ET from primary electrons to atoms (H, C, N, Pb) and subsequent energy transfer ET’ from the fast 3 
moving atoms to Pb atoms, calculated from Equation 1 and 2. b, Maximum transferred kinetic energy from the primary beam via 4 
elastic scattering against the kinetic energy of the primary electrons. c, Maximum transferred kinetic energy from fast atoms to 5 
Pb atoms via secondary knock-on energy transfer against the kinetic energy of the primary electrons. 6 
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 1 
Extended Data Fig. 6. Additional simulation images of Pb@(FP-Pb) with graphene's most significant van der Waals surface 2 
interactions. Scale bar 1 nm. 3 
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 1 
Extended Data Fig. 7. Electronic evaluation of different Pb-, Ge-, and Zn-fullerophyrins. a, Electrostatic potential map of FP, (FP-2 
M), M@(FP), and M@(FP-M) (color range from -30 to +20 kJ/mol, isovalue 0.002 e/au3) b, Sliced contour plot of the ionization 3 
potential of FP, (FP-M), M@(FP), and M@(FP-M) (color range from 7 to 15 eV). Black digits indicate natural atomic charge of 4 
metal atoms. DFT level: B3LYP-D3/6-311G(2d,p)//wB97X-D/6-31G(d) for Zn and Ge derivatives, B3LYP-D3/6-31G(d)/LANL2DZ>Kr 5 
for Pb-derivatives. 6 
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Extended Data Table 1. Expected knock-on-induced events of 1. Summary on the threshold displacement energies Ed, the 1 
resulting displacement cross-section sd at 80 keV, and the minimum total electron dose TEDd for the homolytic C–H or C–C bond 2 
cleavage in 1; calculated at the M06-2X/def2-TZVP[6-31G(d)] level of theory for C–H, wB97X-D/6311G(d,p) for C–C, and B3LYP/6-3 
31G(d)/LanL2DZ>Kr for C-N-Pb. 4 

 
Entry Displaced Atom Ed (eV)b sd (barn) n TEDd [106 e-nm-2]a 

1 a, d 7.6954 66.18 8 18.9 
2 b, c 7.7200 65.96 8 19.0 
3 e 7.7453 65.73 4 38.0 
4 f 7.7305 65.86 8 19.0 
5 g 7.7955 65.28 8 19.1 
6 h 6.0747 85.07 2 58.8 
7 A 12.9476 4.51 4 554 
8 b B 14.7910 5.07 8 247 
9 b C 15.9183 0 8 ∞ 
10 b D 12.5106 21.14 8 59.1 
11 b E 12.4076 22.03 8 56.7 
12 b F 15.5115 1.13 4 2212 
13 b G 16.2214 0 4 ∞ 
14 b H 11.8299 27.34 8 45.7 
15 b I 16.5368 0 8 ∞ 
16 b J 11.9548 26.14 8 47.8 
17 b K 11.9564 26.13 8 47.8 
18 b L 16.5063 0 8 ∞ 
19 b M 12.0643 25.12 8 49.8 
20 b N 12.7094 19.48 4 128 
21 b O 16.4954 0 4 ∞ 
22 b P 16.7263 0 4 ∞ 

a assuming an isotropic energy transfer for all H atoms (implying fourfold symmetry). 5 
b  Ed approximated from EBDE for C-C cleavage. 6 
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