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ABSTRACT: Singular reaction events of small molecules and
their dynamics remain a hardly understood territory in chemical
sciences since spectroscopy relies on ensemble-averaged data,
and microscopic scanning probe techniques show snapshots of
frozen scenes. Herein, we report on continuous high-resolution
transmission electron microscopic video imaging of the
electron-beam-induced bottom-up synthesis of fullerene Cg,
through cyclodehydrogenation of tailor-made truxene derivative
1 (CgoHs,), which was deposited on graphene as substrate.
During the reaction, C4Hj, transformed in a multistep process
to fullerene Cy). Hereby, the precursor, metastable intermedi-
ates, and the product were identified by correlations with
electron dose-corrected molecular simulations and single-
molecule statistical analysis, which were substantiated with extensive density functional theory calculations. Our observations
revealed that the initial cyclodehydrogenation pathway leads to thermodynamically favored intermediates through seemingly
classical organic reaction mechanisms. However, dynamic interactions of the intermediates with the substrate render graphene
as a non-innocent participant in the dehydrogenation process, which leads to a deviation from the classical reaction pathway.
Our precise visual comprehension of the dynamic transformation implies that the outcome of electron-beam-initiated
reactions can be controlled with careful molecular precursor design, which is important for the development and design of
materials by electron beam lithography.

Single-Molecule Atomic-Resolution Real-Time Electron Microscopy
SMART-EM

KEYWORDS: cyclodehydrogenation, polycyclic aromatic hydrocarbon, fullerene, single-molecule dynamics, DFT-modeling,
transmission electron microscopy

ith its discovery in 1985, Cy, fullerene emerged as
Wone of the most iconic organic molecules, which,

since then, appealed as a vastly explored moiety in
various energy,” nanomaterials,” and biomedical applications*
and, last but not least, as a fascinating total synthesis target for
the organic chemist.’ In this respect, groundbreaking results,
which launched the successful preparative synthesis of
Buckminsterfullerene,® were produced by Scott, Drewello,
and co-workers in 2001. By laser ablation of preprogrammed
polycyclic aromatic hydrocarbon (PAH) 1 (C4Hy,), they
achieved the directed synthesis of fullerene Cg, via consecutive
cyclodehydrogenation in the mass spectrometer.” These
insights, obtained from gas-phase experiments, initiated the
successful bottom-up synthesis of Cg, on the preparative scale.’

© 2021 American Chemical Society

WACS Publications

Afterward, with the advancement of scanning probe micros-
copy techniques, the process of addressing chemical reactions
reached quickly molecular level resolution, as demonstrated in
2008 by Otero, Biddau, and co-workers. They transformed, on
an active Pt(111) surface, 1 to Cg° and visualized
subsequently the outcome by scanning tunneling microscopy.
Certainly, the direct microscopic visualization of molecules
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pleases not only the human eye but also confirms
unambiguously the results with atomic precision.” More
importantly, the microscopic elucidation of this chemical
transformation avalanched the success of surface-mediated
syntheses of molecules and materials, which are nowadays
controlled with outstanding precision.'*™"

However, information on the continuous dynamics of these
processes from scanning-probe techniques can be extracted
only to a limited extent. Hereby, substantial progress in the
field of transmission electron microscopy (TEM) was made
within the past decade. In the literature often described as
single-molecule atomic-resolution real-time electron micros-
copy (“SMART-EM”) or “chemTEM”,">'* the direct imaging
technique revealed to be especially powerful in the initiation
and capture of nonrepetitive events.''® For example, the
formation of buckyballs from bilayered graphene, which
reflects the top-down fullerene formation during the arc-
discharge synthesis, was demonstrated in 2010 by Chuvilin et
al'” Further recent hi%hlights comprise the bimolecular
reaction of fullerenes,™'” the reactivity of endohedral
fullerenes and their entrapped molecules,”” the transformations
of polycyclic aromatic hydrocarbons to oligomers,”' ~** the
analysis of reactive metal clusters,”* > the bonding character
of dimeric metal atoms,”” and even the emerging nucleation of
a NaCl nanocrystal.”® Yet, a discrete multistep synthesis
(molecule-to-molecule transformation), which leads to the
predicted product and does not terminate in the formation of
polymers, was never captured.”’

Herein, we report on the video imaging by transmission
electron microscopy of the bottom-up transformation of
truxene derivative 1 to Cg, fullerene, which encompasses a
total of 15 cyclodehydrogenation steps (Figure 1). Continuous

~ 1 (CeoHzo)

Figure 1. SMART-EM video-imaging of the electron-beam-induced
cyclodehydrogenation of preprogrammed precursor 1 to Cq.

video imaging allows for the structural analysis and monitoring
of formed intermediates in real-time. Unlike in the case of
frequently studied fullerenes'®'*7>%*"73* or PAHs>' 2377
entrapped in carbon nanotubes, our molecule is found as an
isolated entity on a graphene monolayer. This circumstance
prevents the oligomerization process with other fullerenes or
molecules and allows us to focus solely on the intramolecular
processes in granular detail. Through the identification of
discrete molecular structures, we aim to understand, whether
electron-beam-induced events can be designed, and to what
extent they can be predicted from an organic chemist’s point of
view. Understanding these processes not only is of high value
to the comprehension of fundamental chemistry but also is
directly related to technological applications, utilizing electron
beam lithography for the construction of nanoarchitectures.”®

RESULTS AND DISCUSSION

TEM Analysis. We aimed for Cg, as fullerenes represent
well-explored candidates in electron microscopy studies, and
the size and shape can be easily identified."”~'""*" For our
purpose, we synthesized compound 1 (Figure S1), which can
be considered as a benchmark molecule for the Cg
formation.””*>*' We drop-casted a 107> M solution of 1 in
toluene, on a dry-cleaned graphene-coated gold grid (Figure
$2),* the excess solution was removed, and the grid was dried
in high vacuum (107° Pa), before introducing it into the TEM
chamber. Traces of remaining volatiles were removed in the
TEM by heating the grid to 473 K for 1 h, before exposure to
electron irradiation. SMART-EM observations were carried
out with an aberration-corrected TEM (JEM-ARM200F) at
313 + 5 K at magnifications of 1000k. The acceleration voltage
was set to 80 kV, and the camera frame rate was kept at 2 fps.

After scanning the graphene surface for viable candidates, we
discovered an isolated, single molecule of 1, as depicted in
Figure 2 and Supporting Information Video S1, suitable for
detailed investigation. It was found to be covalently bound to
the graphene monolayer (GML), which prevents fast trans-
lations on the surface as well as the desorption of the molecule.
At the same time, the remote attachment of 1 on the
monolayer prevents disturbing interactions or side reactions
with other forms of hydrocarbons that are found to be
adsorbed on the surface. From the alignment of the graphene
lattice and the angle of the molecular direction (Figure 2a and
Figure S3), we can limit the binding to the armchair direction
of the graphene lattice as depicted in Figure 2b.** The
observed rodlike structure in Figure 2c, which persists for over
44 s, measures on average 1.18 nm (+0.05), as determined
from single-molecule statistics between 0.5 and 44 s (compare
Figures S4—S7). The corresponding electron dose-corrected
EM image simulations of respective models, depicted in Figure
2 d—g, suggest from size, shape, and contrast that the molecule
is bound via cycloaddition at the 3,4-position as depicted in
Figure 2d. This finding is also supported by density functional
theory (DFT) calculations, which favor the 3,4 over the 2,3-
position (Table S2). However, the exact binding motif of the
cycloaddition reaction to the graphene surface ([2+2] or
[4+2]) cannot be differentiated, as both models fit well within
the obtained standard deviation (¢ = 0.05 nm) and intrinsic
pixel resolution (0.0211 nm). Our findings are consistent with
reports by Chamberlain et al., who showed that perchlorinated
coronene reacts in a Diels—Alder reaction with the GML in the
TEM.>' Nonetheless, the same binding motifs at the 2,3-
position, as shown in Figure 2e, can be excluded with high
certainty. Also, the [2+3] cycloaddition (Figure 2f) at the
zigzag periphery (4,5-position) and the covalent attachment
through a C—C single bond at the 3-position (Figure 2g) do
not match the observed TEM images in size and shape and can
be therefore excluded.”** Details are shown in Figure S8.

With the identified nature of chemisorbed precursor 1 at the
3,4-position (CgH,g), the first severe molecular trans-
formation takes place between ¢ = 45.0—49.0 s. As shown in
the image series in Figure 3a, a dynamic structural deformation
to a seemingly spherical structure is observed. The
intermediate measures 0.82 nm (+0.03) in diameter and,
thus, is too large to be Cg, yet. In Figure 3b and Figure S9, this
spherical intermediate shows a good correlation with a surface-
bound bowl-shaped model of the constitution C¢H,4, which
amounts to six newly formed C—C bonds and two new bonds
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Figure 2. SMART-EM exploration of precursor 1 bound to the graphene monolayer. All TEM images and simulations are consistently band-

pass and Gauss blur filtered throughout the text: scale bar (white) 1 nm; EM simulations are electron dose corrected (3.0 X 10° e nm"~

2

s71); chemical models are represented as Z>-adjusted models,'® with a transparent CPK surface throughout the text. (a) Overview of the first
25 s of scene and binding angle on GML; SO frames stack (25 s exposure time). Inset shows FFT diffraction pattern obtained from
monolayer area highlighted in light green. (b) Structure of 1; colored bonds represent the binding sites in the respective simulations in (d—
g). (c) 1 bound to graphene at t = 12.0 s, and statistical analysis of molecular length. (d) Best-fitting EM simulation of 1 (C4,H,3) bound to
graphene via [4+2] (top) or [2+2] (bottom) cycloaddition at the 3,4-position. (e) EM simulation of [4+2] (left) or [2+2] (right)
cycloaddition model at the 2,3-position. (f) EM simulation of [2+3] model at the 4,5-position. (g) EM simulation of 1 (CgH,,) bound via

C—C single bond at the 3-position.

to the GML. The identified intermediate agrees with the
thermochemical analysis of the gas-phase calculated CyH g
intermediate (vide infra). The intermediate lasts for about 3 s
before it starts to migrate over the graphene surface (Figure 3c
and Figure S10). Determined from center-of-mass analysis, the
migration distance is around 0.3 nm and reflects the dynamic
and reversible C—C binding behavior of the molecule to the
surface. This short-lived intermediate undergoes further
morphological changes to an oval-shaped intermediate as
shown in Figure 3d (Figures S11—S13). With its dimensions of
0.92 X 0.63 nm, this intermediate is best described by a model,
resembling a partially dehydrogenated hemifullerene with the
constitution Cy4Hs. Dehydrogenated terminal carbon atoms of
organic materials have been described in TEM studies
before.*>** While H atoms do not contribute significantly to
the contrast of molecules in TEM, their presence greatly
contributes to the overall shape and dimensions of the
molecule (vide infra and compare Figure S14). After a period
of 9 s, the structure appears to open up again to a half-circle
structure, as shown in Figure 3e (Figure S15). Simulations of a
hemifullerene intermediate (CgoHs;) suggest that the molecule
underwent an on-surface rearrangement. From here on, this
heavily dehydrogenated reactive intermediate undergoes rapid

12806

shape-shifting motions. In Figure 3f, the structure undergoes a
reversible linearization from a rod- to bent-shaped structure,
before it quickly cyclizes to a “D”-shaped structure in Figure
3g. Finally, the intermediate coalesces to a stable spherical
structure that remains stable for >25 s until the end of the
video (Figure 3h and Figures S16—S19). With its contrast,
shape, and size (outer diameter: 0.63 + 0.04 nm), this
structure resembles Cg, fullerene and agrees with a Cyy model
bound via [4+2] cycloaddition at the reactive [6,6] double
bond to the GML (compare alternatives in Figures $20—22)."
In analogy to the active metal surface-assisted reactions of Ceo,”
the fullerene is covalently bound to the graphene layer, which
explains its limited mobility during the observation. Detach-
ment from the graphene surface is not observed for the period
of 138 s of the video, after which up to 8.5 X 107 e~ nm ™2 were
emitted. Another already formed Cg, molecule was recorded
for 100 s (end of the recording) without any sign of
decomposition (compare Video S2).

Computational Analysis. To shed light on the electron-
beam-induced formal 15-fold oxidative cyclodehydrogenation
reaction of tailor-made 1 to Cg4, we carried out a
thermochemical analysis on the M06-2X-def2-TZVP level of
density functional theory (DFT). In particular, we were
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Figure 3. SMART-EM exploration of molecule-to-molecule transformation of 1 to C4, on graphene. Yellow arrows indicate direction of
motion. (a) First severe structural deformation. (b) Spherical intermediate; simulation suggests a hemifullerene model (CqH,,), with
hydrogenated secondary C atoms. (c) On-surface translation of spherical intermediate determined from center of mass shift. (d) Oval-
shaped intermediate; simulation suggests a hemifullerene model (Cg,Hs). Atoms in red indicate dehydrogenated secondary C atoms. (e)
Half-circle-shaped intermediate; simulation suggests an on-surface rearranged hemifullerene model (CgH;). (f) Repetitive, and vivid
stretching and bending of reactive intermediate. (g) Transformation to a “D”-shaped intermediate. (h) Final formation of a spherical
structure; simulation suggests a C4, model chemisorbed via [4+2] cycloaddition to the GML.

interested in the formation of the spherically shaped
intermediate (compare Figure 3b), which was simulated to
be a hemifullerene with four C—C bonds to graphene and a
constitution of CgH;,. The subsequent 6-fold cyclodehy-
drogenation of 1 to CgH;g can proceed through 48
intermediates, of which 13 belong to the C4H, constitution.
However, one of the energetically favored pathways, depicted
in Figure 4a, leads to isomer CqoH,g(h), which is found to be
the parent isomer of the best-fitting simulated structure as
depicted in Figure 4b. This finding suggests that, up to that
intermediate, the chemical transformation is thermodynami-
cally and kinetically controlled (vide infra). While trans-
formations to other isomers can require up to 2.5 eV, the
energetically preferred pathway requires typically below 1.8 eV
per step. The complete thermochemical summary is shown in
Figure 4c, which reveals an average energy of 1.4 eV per
reaction step and a total energy consumption of 20.5 eV for the
complete synthesis of C4 from 1. The full thermochemical
analysis of 1 to Cg as well as all considered isomers are found
in the Supporting Information in Tables S7—S9.

Even though the reaction pathway to intermediate
CgoH g(h) appears to be coherent with the thermochemical
data, the reaction mechanism can follow different pathways to
yield the same product. The currently most widely accepted
mechanism for e-beam-induced reactions in single-molecule
studies is the so-called knock-on energy transfer mechanism,
where the electrostatic interaction of the beam electron with
the nucleus of the atom leads to a kinetic energy transfer via

elastic scattering, as depicted in Figure Sa. The absorbed
energy leads subsequently to respective bond vibrations and, in
the case of exceeding the bond threshold energy E; to a
homolytic bond cleavage. Hereby, the transferred energy Er is
dependent on the intrinsic kinetic energy of the electron E,,
the mass of the atom A, and the elastic scattering angle 0, as
expressed in eq 1 in Figure Sa. At this point, it should be
mentioned that , unlike in the depiction in Figure Sa, the vast
majority of electrons is scattered at an angle below 5° as
indicated in Figure Sb by the differential elastic-scattering
cross-section for hydrogen at 80 keV kinetic energy. Recently,
Biskupek et al. demonstrated that the absorbed energy Er of an
atom 1 can be further passed to a second atom 2 to give Ef,
which follows the relationship expressed in eq 2 in Figure 5a.”’
The relationship between the e-beam energy uptake of carbon
and hydrogen atoms and the transfer to a second atom as a
function of acceleration voltage is shown in Figure Sb. Hereby,
it becomes evident that, at the utilized acceleration voltage of
80 kV, a homolytic C—H bond cleavage (E4 = 7.6 eV, compare
Table S4) can occur only upon direct electron—hydrogen atom
interaction, whereas secondary energy transfer processes from
carbon to hydrogen atoms reach only a value of E|__ ~ 4.5 eV,
which leads to mere vibrational excitation. The heterolytic
bond cleavage into ion pairs is in the herein discussed case
energetically unfavored (compare Table S6).

With the given set of possible transferable energies, several
reaction mechanisms can be envisioned. For that purpose, we
calculated the knock-on induced bond dissociation energies,
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Figure 4. Thermochemical analysis of the cyclodehydrogenation reaction of 1 to Cg. (a) Energetically most feasible pathway to intermediate
CgoH,5(h). Letters in brackets indicate the isomer; energy values indicated in eV. (b) Model of CH,5(h) bound to graphene; same model as
in Figure 3b. Carbon skeleton indicated in green, hydrogen atoms in blue, carbon atoms bound to graphene surface in red. (c) Summary of
the complete thermochemical analysis (105 considered intermediates); energies calculated at the M06-2X-def2-TZVP level of theory.

Eg for the hydrogen and carbon atoms in 1 and Cg as
summarized in Table S4. Hereby, two types of hydrogen atoms
are found for 1: weaker bound (E; & 7.6 eV) H atoms in the
respective fjord and cove regions,” and stronger bound (E4 ~
7.9 eV) H atoms in the periphery. Yet, both atoms can be
irreversibly displaced by the electron beam. On the other hand,
the carbon atoms can be categorized into displaceable (Ey &~
12 eV) secondary carbon atoms, and stable (Eq > 17 eV)
tertiary carbon atoms. Thus, concerning possible reaction
pathways, we considered the two energetically most feasible
mechanisms: (1) Knock-on induced homolytic C—H bond
cleavage to two C° radicals at the subsequent dispense of one
H, molecule, followed by radical-radical C—C bond
formation. (2) Thermally allowed 6z-electrocyclization re-
action, followed by aromatization through H, elimination.
Both reaction pathways proceed via one intermediate

structure, and we considered for both pathways the concerted
elimination of one H, molecule. A stepwise loss of H atoms is
energetically more demanding, proceeding through several
intermediate steps, and is therefore not considered.

As it can be extracted from Figure 6a, the calculated energy
barriers suggest that the initial cyclization step should proceed
via an electrocyclization reaction, followed by re-aromatiza-
tion,'” rather than a 2-fold homolytic C—H bond cleavage,
followed by radical recombination.”* However, apart from the
reaction barriers, it is more important to consider the cross
section for each event. Therefore, we calculated the knock-on
displacement cross section for each type of atom using the
McKinley Feshbach approximation for isotropic knock-on
threshold energies, Ey, as depicted in eq 3 in Figure 6b."
While the knock-on removal of atoms has no energetic upper
limit, the electrocyclization pathway is limited by the threshold
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a ® Figure 6¢. The total electron dose for an event (TED,,) to
Eo occur can be estimated by TED,, = (no)~", in which # is the
Ey ~ E, number of equivalent atoms.”® With 64(H) = 67 barn for the
Eo(1.02 + 1_5093) 0 weakest C—H bond in hand, a TEDy = 5.0 x 107 e'_ nm ™2 (C,
Eq.1: Ep = 465—7;15"'25 symmetry, n = 3) for the first H loss via knock-on displacement
' can be estimated (for a complete list of calculated cross
sections and TEDs for all atoms, refer to Table S4 in the
Eq.2: )= Ep 4A,A, Supporting Information). On the other hand, ;Nltil GCD—HZ (1) =
(A, + Ay)? 326 barn, the expected TEDcpy = 3.1 X 107 e” nm™". This
correlation stands in very good agreement with the
] experimental finding of intermediate CyH;, (CgoHyg(h)),
: which is observed at a TED = 2.8 X 10’ e” nm™> (compare
Er €Eg¥  Er(8 =180°) = Fyax Figure 7a).
From this point on, however, the reaction pathway does not
b 6 [degrees] follow the classical organic reaction pathway anymore, because
0 30 60 90 120 150 180 the intermediate undergoes a dynamic interplay with the GML.
10° T . r T r | In particular, the on-surface migration of the spherical
101 0 < 5° — >99.5% of all scattering events intermediate as depicted in Figure 3¢ can be directly correlated
102 to an increased hydrogen loss rate (highlighted in Figure 7a).
= 103 Y 2dn o knoceon This dynamic bond breaking and binding to the GML
= 10 6 = 23° — knock-on H-loss (>7.6 eV) catalyzes the H loss significantly and makes graphene a non-
£ 105 innocent substrate in our observations.>!
2T g6 important because previous SMART-EM studies revealed that
107 molecules encapsulated in carbon nanotubes,””>’
108 to the periphery of carbon nanohorns,">>*>*
109 interactions with the substrate. Even though the hydrogen
atoms’ contributions are neglectable to the overall contrast of
¢ the molecule in TEM, their presence (or absence) has a great
400 ® _1).; . _2.l> @ g impact on the overall geometry of the structure. This is
| subsequently reflected in the simulations in Figure 7b,c, which
350 ® i’ @ _4l> ‘ confirm the excessive hydrogen loss to a heavily dehydro-
300 1 = genated reactive intermediate (compare Figure 3e—g).
- Because the observed structures of chemisorbed 1, its key
3 250 1 intermediates, and the final Cg, structure match well with the
i 80 keV, simulations and models that are in line with the DFT
Y00 A 187 calculations, a rearrangement of the carbon-skeleton by
2) Stone—Wales rearrangement to an unstable non-IPR (isolated
150 1 -7 pentagon rule) isomer,”® or knock-on removal of carbon atoms
-7 - to unstable Cg,_, (n = 1, 2, efc.) structures, can be ruled out.’”
100 -
536 -~ 3  CONCLUSION
>0 P /1; 7 //4] In summary, we demonstrated the video analysis of the
ey o P oo electron-beam-induced molecule-to-molecule transformation

25 50 75 100 125 150 175 200
Eo [keV]

Figure 5. Elastic scattering and knock-on energy transfer
relationship. (a) Schematic depiction of momentum transfer
from an incoming electron to an atomic nucleus. (b) Differential
elastic-scattering cross section for hydrogen at 80 kV. (c)
Maximum transferred energy as a function of the electron’s
kinetic energy; solid lines: direct energy transfer, dashed lines:
secondary energy transfer. Ep, transferable kinetic energy; Ef,
secondary transferable kinetic energy; E, .., maximum transferable
kinetic energy; E,, kinetic energy of primary electron; A, atomic
mass number; 0, elastic scattering angle.

barrier for the homolytic bond cleavage. Thus, to estimate the
cross section for the cyclodehydrogenation (CDH) process
Ocpu via electrocyclization, we estimated ocpy from the
difference between the cross sections of the lower (Ers, = 3.1
eV, 0r15,(C) = 393 barn) and upper (E4(H) = 7.6 €V, 64(H) =
67 barn) threshold limits, which define the energy window for
the CDH process. The respective cross sections are depicted in

of truxene derivative 1 (CgHso), which undergoes a
preprogrammed C—C bond formation in a formal 15-fold
oxidative cyclodehydrogenation reaction to fullerene Cgy. Our
detailed analysis of key intermediates and DFT calculations
indicate that electron-beam-driven reactions can follow the
rational design of common organic textbook chemistry. In
particular, if the interaction with the substrate does not
interfere, the pathway of the cyclodehydrogenation reaction
appears to prefer the route via an electrocyclization, followed
by rearomatization, rather than the homolytic C—H bond
cleavage, followed by radical recombination. Hence, the
product formation is primarily kinetically controlled. On the
other hand, the interfering interactions of the graphene
substrate with the molecular intermediates lead to a non-
classical reaction pathway via heavily dehydrogenated inter-
mediates. This pathway might be further accompanied by
knock-on induced C—H bond cleavages, leading to the
thermodynamically controlled product. From an efliciency
point of view, the in situ fixation of organic molecules in the
TEM to the graphene monolayer is rather poor, which is also
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Figure 6. Computational rationalization of C—C bond formation. (a) Energy diagram for the first cyclodehydrogenation step; blue:
homolytic CH-bond cleavage, followed by radical recombination; red: electrocyclization reaction, followed by aromatization via H,
elimination. Energies calculated at the M06-2X-def2-TZVP level of theory. (b) McKinley Feshbach approximation for the calculation of the
knock-on displacement cross section. (c) Knock-on displacement cross section as a function of the electron’s kinetic energy; displayed for
the weakest and strongest bound hydrogen (blue) and carbon (green) atoms in 1, as well as the carbon atom in Cg4 (magenta). Er,
transferable kinetic energy; E,, threshold energy for knock-on removal; E,,,, maximum transferable kinetic energy; 6, knock-on cross

section; Z, nuclear charge; €, vacaum permittivity; m,, mass of electron; y, Lorentz factor (1 /1 = p* ); ¢, speed of light; f, relativistic

factor for the electron (\/ 1= (1+ Ey/mc>)? ); a, fine structure constant.

why only a few examples in the literature are known, in which
molecules were studied on the GML by in situ TEM
before.”**° The molecules tend to bind to defect sites,
glassy carbon layers, or other forms of debris, which makes it
difficult to comprehend the chemistry. However, once the
molecule is found as a singular, isolated entity on the surface
and does not detach from it (compare Video S3), it allows us
to solely focus on the molecule’s dynamics without the
interference of other molecules or environmental influences.
The possibility to predict chemical reactions induced in the
electron microscope implies that the outcome of electron-
beam-initiated reactions can be rationalized from an organic
chemist’s point of view and controlled with careful molecular
precursor design. Thus, with advancing EM technologies
toward better resolution and increased sensitivities of the
detectors, this will not only allow studying the fundamentals of
dynamic chemical events of single molecules that relate for
instance to outer space chemistry® but also further advance
the forthcoming of the precursor design for precise
nanostructures, fabricated by electron beam lithography.

METHODS

TEM Grid Preparation. CVD-grown monolayer graphene-coated
quantifoil gold grids, with a hole size of 2 ym and space between the
hole of 4 ym, were purchased from Graphenea. Before usage, the
graphene grids were purified with activated carbon, using a modified
dry-cleaning protocol.* The activated carbon was dried before usage
at 623 K for 12 h under an ambient atmosphere. A small amount of
dried activated carbon was placed into a Petri dish; the graphene grid
was carefully placed atop and then fully covered with another portion
of activated carbon. The Petri dish was placed in a furnace under
ambient conditions and annealed in the following order: (1) heating:
it — 483 K (45 min, 4.6 K/min); (2) hold: 483 K (30 min); (3)
cooling: 483 — 393 K (30 min; —3 K/min). The grid was stored at
393 K under activated carbon until it was used for the sample
preparation.

Sample Preparation. For the sample preparation, the grid was
mechanically cleaned from the activated carbon, using a gentle stream
of dry N, for several minutes. Toluene and MeOH (special grade) for
TEM-sample preparation were purchased from Wako Pure Chemical
Industries. 10~ M solutions of 1 were freshly prepared before drop-
casting. Excess sample solution was removed with a filter paper. The
sample grid was further cleaned with two cycles of one drop of
MeOH, followed by removal with a filter paper. The grid was then
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Figure 7. Analysis of the cyclodehydrogenation process. (a) Event
analysis as a function of time; plot of TED against time. Colored
data points indicate the TEM images from Figures 2 and 3;
secondary axis (magenta) shows the hydrogen loss over time, as
determined from the simulated models. (b) Best-fitting simulation
and model for CgHg for the TEM image in Figure 3d. (c)
Alternative models with different hydrogen atom content and
respective simulations.

predried in high vacuum at § X 107° Pa for 1 h, before introducing the
sample into the TEM chamber.

TEM Observation and Image Analysis. Atomic-resolution EM
observations were carried out on a JEOL JEM-ARM200F instrument,
equipped with an aberration corrector, at an acceleration voltage of 80
kV and a vacuum of 1 X 107° Pa in the specimen chamber. The
microscope is placed on an antivibration base plate which, in turn, is
placed on a S m thick concrete bedding to minimize mechanical
vibrations. Experiments were carried out on a heating holder (JEOL
EM-21130). The accuracy of the grid temperature is + a few degrees
according to the instrumental specification. To remove volatile
impurities from the specimen, the holder was heated at 473 K for 60
min without electron irradiation before cooling to 298 + 5 K. After
the stage temperature settled to the target value, we waited for an
additional 30 min to minimize thermal drift. EM videos were recorded
on a CMOS camera (Gatan OneView, 4096 X 4096 pixels) operated
in binning 2 mode (output image size: 2048 X 2048 pixels, pixel
resolution 0.021 nm at X1 000 000), with an exposure time of 250 ms
and a frame rate of 2 fps. All images were automatically processed on
Gatan DigitalMicrograph software. The images were collected in the
.dm3 format on Gatan DigitalMicrograph software and processed
using Image] 1.51f software.”’ To remove the unevenness of the
electron irradiation, all images were processed by a band-pass filter
(filtering structures smaller than 3 pixels and larger than 40 pixels,
tolerance of direction: $%), Gaussian blurred (sigma radius 1.0), and
contrast/brightness adjusted. Before analysis, images were subjected
to a thermal drift correction.

12811

TEM Simulations. TEM simulation images were electron dose
corrected, according to the electron dose rate from the TEM
experiment, and generated by using a multi-slice procedure
implemented in the Bionet elbis software.”> Simulation parameters
were set to agree with the actual experimental parameters: acc. Volt. =
80.00 kV, 1 = 0.04176 A, Cs = —0.003 mm, df = 160 A, Cc = 1.25
mm, de = 0.60 eV, a = 0.20 mrad, OL Aperture radius = 20.88 mrad,
OL Aperture radius = 0.50 A™", pixel size = 0.0210844, max. Intens. =
1.1278. The simulation images were processed analogously to the
experimental TEM images, to obtain the best correlation.

Computational Analysis. Geometry optimization and energy
calculations were carried out using the SPARTAN ’18 work
palckage.(ﬁ’é4 Structures were optimized on the semi-empirical level
PM6 and then further refined at the density functional theory level,
using the Minnesota global hybrid meta generalized gradient
approximation functional MO06-2X with 54% Hartree—Fock ex-
change.%® For comparison reasons, reactions regarding the thermo-
chemical pathway of C4Hj, and the bond dissociation energy of
coronene, calculations were further carried out using B3LYP**®” and
@B97X-D*® as functionals. Geometry optimization and initial
evaluation of the molecules’ energies were performed with the
Pople-type dual basis split-valence triple-{/double-{ quality basis set
6-311G(d,p)[6-31G(d)]. Final energy calculations for the thermo-
chemical evaluation were carried out using the M06-2X functional
with the Ahlrichs-Weigend triple-{ quality basis set def2-TZVP.*
Transition state geometries were obtained at the M06-2X/6-31G(d)
DEFT level of theory and confirmed by identification of the imaginary
frequency. Respective energies were obtained at the M06-2X/def2-
TZVP level of theory. Bond threshold energies were calculated at the
MO06-2X/def2-TZVP level of theory and compared to values obtained
from wB97X-D/6-311G(d) for coronene.””
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