
On-Surface Stereochemical
Characterization of a Highly Curved
Chiral Nanographene by Noncontact
Atomic Force Microscopy and
Scanning Tunneling Microscopy
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A highly distorted chiral nanographene structure com-

posed of triple corannulene-fused [5]helicenes is prepared

with the help of the Heck reaction and oxidative photo-

cyclization with an overall isolated yield of 28%. The com-

plex three-dimensional (3D) structure of the bowl-helix

hybrid nanostructure is studied by a combination of non-

contact atomic force microscopy (AFM) and scanning

tunneling microscopy (STM) on the Cu(111) surface, density

functional theory calculations, AFM/STM simulations, and

high-performance liquid chromatography-electronic circu-

lar dichroism analysis. This examination reveals a molecular

structure in which the three bowl-shaped corannulene bla-

desd position themselves in a C3-symmetric fashion around

a highly twisted triphenylene core. Themolecule appears to

be shaped like a propeller in which the concave side of the

bowls face away from the connected [5]helicene motif. The

chirality of the nanostructure is confirmed by the direct

visualization of both MMM and PPP enantiomers at the

single-molecule level by scanning probe microscopies.

These results underline that submolecular resolution imag-

ing by AFM/STM is a powerful real-space tool for the

stereochemical characterization of 3D curved chiral nano-

graphene structures.
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Introduction
The research field of nanographenes has been growing

rapidly1–3 and in addition to typical planar molecules, a

large variety of curved nanostructures4–6 based on

bowl,7–12 saddle,13–15 helix,16–18 and belt19 motifs have been

prepared. Nonetheless, when the molecular dimensions

and structural complexity increases, characterization of

the molecular structure becomes a formidable chal-

lenge.20,21 Although X-ray crystallography lends itself per-

fectly to the elucidation of the complex stereochemical

structure in the solid phase, it may not always be applica-

ble, as the crystallization of large molecules remains far

from trivial. In such cases, alternative characterization

techniques that do not rely upon intrinsic molecular prop-

erties would prove useful. Submolecular resolution imag-

ing by scanning tunneling microscopy (STM) and atomic

force microscopy (AFM) has the potential to become a

powerful analytical tool in interpreting the intricate three-

dimensional (3D)molecular structure in real space.22 Using

the conventional STM technique, for example, it is possible

to differentiate betweenenantiomers of simple helicenes.23

To determine the precise location of the atoms within

arbitrarymolecular nanostructures, theAFMbond imaging

technique is required.24–27 Therewith, for example, the ab-

solute configuration of chiral aliphatic compounds can be

identified by visual inspection, which allows studying chiral

molecular recognition processes at the single-molecule

level.28,29 Furthermore, via the AFM method, it becomes

possible to study adsorption conformations of 3D molec-

ular structures. It allows, for example, to precisely measure

twisting angles of individual carbon rings within a com-

pound.30–33 Submolecular resolution imaging, therefore,

holds immense promise in studying molecular structure

on surfaces. Its application to decipher the stereochemical

structure at the single-molecule level in the arena of chiral

nanographenes34 is, however, severely restricted.35–38

To this end, we show that a combination of submolecular

resolution imaging, density functional theory (DFT) calcu-

lations, and AFM/STM simulations allow for the character-

ization of a novel corannulene-based chiral nanographene

that could not be studied with the help of X-ray

crystallography.

Our results indicate that the nanographene adopts a

C3-symmetric propeller-shaped geometry with three

tilted corannulene blades fused to a homochiral triple

[5]helicene motif. Moreover, the corannulene-[5]heli-

cene hybrid motif adopts a predominant 3D geometry

where the concave side of corannulene turns away from

[5]helicene. This geometry corresponds to the most

thermodynamically favorable diastereomer out of the

12 possible. The chirality of this configuration is con-

firmed by the identification of both MMM and PPP enan-

tiomers. DFT calculations suggest that the curvature of

corannulene enhances the distortion of [5]helicene,

leading to a highly distorted molecular structure. In con-

trast, the molecular adsorption structure on the Cu(111)

surface is substantially flattened due to strong molecule-

surface interactions.

Experimental Methods

On-surface analysis

A clean Cu(111) surface was prepared in an ultra-high

vacuum environment by cleaning the Cu(111) crystal

(MaTecK, Germany) with repeated Ar+ sputtering

(6 × 10−6 mbar, 1.5 keV) and annealing (∼800 K) cycles.

The corannulene-based nanographene molecules were

sublimated at 660 K by means of a commercial evapo-

rator (Kentax, Germany) and deposited onto the clean

Cu(111) surface held at about 6 K. The sample was then

annealed at room temperature for 5 min to desorb the

small impurities. Finally, the sample was loaded into the

STM scanner held at 5.2 K. A few CO molecules were

co-adsorbed on the surface for tip modification.

All the STM and AFM images were recorded at 5.2 K

under ultra-high vacuum conditions (base pressure bet-

ter than 1.0 × 10−10 mbar) using a combined STM/AFM

system (Scienta Omicron, Germany). A tungsten tip was

attached to a qPlus type force sensor to allow for simul-

taneous detection of tunneling current and atomic

forces. The force sensor was controlled by a phase-

locked loop electronics (MFLI, Zürich Instruments,

Switzerland) in frequency modulation mode with key

parameters: resonance frequency f ≈ 27.0 kHz, quality

factor Q > 10,000, oscillation amplitude A = 52 pm. Bias

voltage was applied to the sample while the tip was

grounded. The tip was conditioned on the Cu(111) surface

by indentation (a few nanometers) and voltage pulses

(−10 to 10 V); therefore, the tip was presumably to be

covered by Cu atoms. To acquire atomic resolution in

AFM imaging, the tip apex was modified with a single CO

molecule by vertical manipulation of surface-adsorbed

CO molecules with short voltage pulses (3.0 V, 500 ms).

Successful tip modification manifested in the enhance-

ment of STM image contrast and was further confirmed

by frequency shift versus tip-sample distance spectros-

copy on Cu(111).

Results and Discussion
The nanographene synthesis involves two simple syn-

thetic steps (Scheme 1). Initially, iodocorannulene39,40 was

subjected to a palladium-catalyzed Heck reaction with

1,3,5-trivinylbenzene to give the precursor 1 in an isolated

yield of 63%. A subsequent oxidative photocyclization

led to the formation of nanographene 2 in an isolated

yield of 45%. In 2, the three corannulene units wre at-

tached to a triphenylene core, and the overall structure
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contained triple [5]helicenes.41 In NMR spectroscopy (see

Supporting Information Figures S1–S6), as expected, ar-

omatic resonances shifted downfield upon formation of

the triphenylene core. In UV–vis spectroscopy, 1 exhibits

two broad absorption bands at 300 and 375 nm. In the

case of 2, a shoulder appears at 400 nm, presumably due

to extension of π-conjugation upon photocyclization.

The molecular structure of 2 can be viewed as a triple

corannulene-[5]helicene hybrid where the three [5]heli-

cenes share a triphenylene core and are respectively

fused with a corannulene bowl at the other termini by

sharing two hexagons. The two-dimensional (2D) repre-

sentation of 2 possesses threefold rotational symmetry;

therefore, a corannulene-[5]helicene motif can represent

the elemental 3D configurational features of 2. This motif

includes two nonplanar elements, that is, the bowl-shape

of corannulene and the helicity of [5]helicene, where the

inversion of either one will lead to diastereomerization as

illustrated in Figure 1a–c.42,43 Accordingly, there were two

C3-symmetric propeller-shaped diastereomers 2a and 2b

and their enantiomers 2a* and 2b* (Figure 1b). The enan-

tiomerization between 2a (2b) and 2a* (2b*) required the

inversions of all corannulenes and helicenes, while in-

complete inversions could provide other 10 diastereo-

mers with reduced symmetry and the corresponding

enantiomers (see Supporting Information Figures S7–

S14 and Table S1). 2 could not be coerced into yielding

X-ray quality single crystals, which could be related to

the complexity of the 3D configurations and active mo-

lecular dynamics. Therefore, to examine its stereochemi-

cal structure, we resorted to the power of submolecular

resolution imaging of scanning probe microscopy.

For this, we deposited 2 onto atomically flat terraces of

a Cu(111) surface via thermal evaporation and visually

inspected the molecules with STM and AFM at 5.2 K

under ultra-high vacuum conditions. We obtained a very

low coverage of 2 on the Cu(111) surface among which

nine molecules in total were imaged. This low coverage

could be related to the instability of 2 at the high subli-

mation temperature required due to its large size

(C72H30).

Figure 2a shows a typical STM image of an individual

molecule 2 acquired with a metal (Cu) tip. The molecule

appears to be a three-bladed propeller where the blades

are brighter (higher) than the center. The diameter of the

molecule was measured to be about 2.1 nm, which is in

good agreement with the theoretical size of 2.

We further achieved atomic resolution of the molecule

by constant-current STM and AFM imaging with a CO-

functionalized tip (Figure 2b,c). The topmost atoms are

clearly depicted (marked with red arrows in Figure 2b),

and the corannulene bowls are partially resolved

(Figure 2c), whereas the lowest parts remain invisible.

The constant-height AFM image in Figure 2g reveals that

there are six atoms in the highest plane parallel to the

substrate surface, that is, two atoms at each corannulene

blade with the inner one appearing slightly brighter

(higher) than the outer one. The second highest atoms

emerged next to the highest six atoms during AFM

scanning at closer tip-sample distance (see light blue

arrows in Figure 2h). The remaining atoms at lower

planes are difficult to resolve without causing damage

to the tip or manipulating the molecule.

The observed image features are typical for hydrogen

atoms that are pointing rather upwards; that is, the

features are in good agreement with images from the

literature where the C–H bond is either strongly rotated

out of the surface plane or even, almost perpendicular to

the surface.28,44–46 This suggests that the concave side of

the corannulene bowls is facing away from the surface.47

Otherwise, parts of the carbon rings of the bowls should

appear in the AFM images as it is the case for rather

planar molecular structures. In our on-surface experi-

ments, only the bowl-up adsorption structures were ob-

served, which we ascribed to the strong interactions

between the convex side of corannulene and the Cu

Scheme 1 | Synthesis of curved π-system 2.
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surface.47 In case the molecules of 2a (2a*) land on the

Cu(111) surface in bowl-down configurations, they could

presumably relax into more energetically stable bowl-up

configurations at room temperature. The bowl-up ad-

sorption structures are further stabilized under the cryo-

genic imaging conditions where the dynamic bowl

inversions are forbidden.

Although the above measurements conform to the

features of the energetically most stable conformation

2a (PαPαPα) in the gas phase, the other C3-symmetric

diastereomer 2b* of the same chirality (PPP) could not

yet be excluded. To better understand this nonplanar

molecular conformation, we performed vdW-DFT calcu-

lations48 on the adsorption structures of 2a (PαPαPα) and
2b* (PβPβPβ) on Cu(111). Conformer 2a was found to be

more stable than 2b* by 0.90 and 0.56 eV in the gas

phase and on the Cu(111) surface, respectively,

(Supporting Information Figure S15), corresponding to

the most thermodynamically stable diastereomer in so-

lution (see Supporting Information Figure S12). Simulat-

ed STM (Figure 2d and Supporting Information Figure

S16) and AFM (Figure 2j,k) images of 2a based on the

DFT calculations (Figure 2e,f) were highly consistent

with the experimental results. In particular, the AFM

C
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H H

B
H H

B

B

B

M

M

(a) (c)

(b)

Figure 1 | Steric configurations of nanographene 2. (a) Two diastereomers of the corannulene-fused [5]helicene motif

with the concave side of corannulene facing away from and towards the helix, respectively. (b, c) Two C3-symmetric

propeller-shaped conformers 2a and 2b out of 12 possible diastereomers of the corannulene–helicene hybrid molecule

2. The helicity of the [5]helicene moieties (P or M) is annotated around the structural formulae. All the corannulene

bowls have their concave side facing up. Configurations 2a* and 2b* are the respective enantiomers (mirror images) of

2a and 2b. The interconversion of diastereomers 2a (2a*) and 2b (2b*) can be realized by helicene inversions. It is of

note that due to themechanism of the interconversion, the helix inversion entails bowl inversion (i.e., P→M takes place

along with α → β interconversion).
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simulations reproduce all the fingerprints of the highest

and second highest atoms (hydrogen) within the mole-

cule. The subtle height difference of 0.1 Å (Figure 2f)

between the highest atoms was reproduced by both

experimental and simulated AFM images (Figure 2g,j).

Note that the sharp bond-like lines between the atoms in

the STM and AFM images are artifacts due to the strong

tilting of CO tips at close tip-sample distance.49

The optimized molecular models of surface-adsorbed

2a were fitted to the AFM images in Figure 2i,l to locate

the hydrogen atoms that contribute to the contrast. In

contrast, the adsorption structure of 2b* presented

obvious discrepancies in comparison with the experi-

ment. Specifically, for 2b* the triphenylene unit was more

strongly deformed in comparison with that of 2a (see

Supporting Information Figure S15), presumably due to

increased steric hindrance by the periphery of the cor-

annulene bowls bent towards it. Consequently, the top-

most hydrogens of the triphenylene unit were almost as

high as the red hydrogens of the corannulenes and,

therefore, should appear with similar contrast in the AFM

images (as shown by the AFM simulation in Supporting

Information Figure S17), which, however, was not the

case. Moreover, the two topmost hydrogen atoms at one

Figure 2 | High resolution imaging of 2a on Cu(111). (a) STM image of this molecule with a metal tip. (b, c) Constant-

current bond-resolved STM and AFM images of an individual molecule 2a using a CO-functionalized tip. (d) Simulated

STM image of 2a at an energy of 0.5 eV above the Fermi level. (e, f) Top and side views of the adsorption structure of 2a
on Cu(111). Color codes: C (grey), H (light blue or red), and Cu (orange). The hydrogen atoms shown in red are the

highest atoms above the surface. (g, h) Experimental constant-height AFM images of the molecule 2a at far and close

tip-sample distances. The inset in (g) shows the line profile along the red dashed line from left to right. (i) The same

image as (h) is superimposed with the structural model of 2a. (j, k) Simulated constant-height AFM images of 2a at far

and close tip-sample distances. (l) The same image as (k) is superimposed with the structural model of 2a. Imaging

parameters: (a) 100mV, 5 pA; (b, c) 10mV, 30 pA; tip-sample distance offset Δz = +150 pm (g) and +100 pm (h), relative

to 100 mV, 5 pA.
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corannulene blade of 2b* had an inverse relationship in

adsorption height and the related C–H bonds point to

different directions.

As illustrated in Figure 1b, the conformer 2a itself

possessed an inherent chirality arising from the introduc-

tion of curvature in the molecular structure of which the

2D representation bore no perpendicular symmetry

planes.50 This chirality was confirmed by capturing

both enantiomers 2a (PαPαPα) and 2a* (MαMαMα) on the

Cu(111) surface with STM. Figure 3a presents both enan-

tiomers in the same frame. We can clearly identify the

tilting (high and low parts) of the corannulene blades

from the closeup STM images (Figure 3b,c), and assign

the corresponding chiral molecular models to them

(Figure 3d,e). More specifically, the key fingerprint to

distinguish 2a from 2a* is the opposite tilting directions

of their corannulene blades, as depicted by the red/blue

dashed arrows and corresponding line profiles in

Figure 3b,c.

More molecules have been visually scrutinized, which

exhibit consistent topography (Supporting Information

Figure S18). In total, five 2a* (MαMαMα) and four 2a

(PαPαPα) molecules were imaged, suggesting that the

synthesized compound is a racemic mixture. The dynam-

ic enantiomerization of 2a via the inversion of corannu-

lene bowls and [5]helicenes was inhibited due to the

stabilization by molecule-surface interactions and the

insufficient activation energy under the imaging condi-

tions (5.2 K). However, the interconversion between the

enantiomers and between different diastereomers

should be possible in solution at room temperature

according to the calculated activation barriers (see

Supporting Information Figure S14, 12.5 kcal/mol for

bowl inversion and 22.9 kcal/mol for [5]helicene

inversion).

DFT calculations enabled the quantitative analysis of

the distortion of 2a (Figure 4a,b). For 2a in solution

phase, the [5]helicenes exhibited a larger interplanar

angle between the two terminal rings than that in pristine

[5]helicene (65.2° vs 46.0°) arising from the fusion of

bowl-shaped corannulene. Moreover, the triphenylene

core is also twisted by steric congestion, with an average

Figure 3 | Visually distinguishing the enantiomers 2a and

2a* on Cu(111). (a) STM image of a 2a and a 2a* molecule.

(b, c) Zoom-in STM images of the two molecules. The

red/blue dashed arrows mark the tilting directions of the

corannulene blades and the corresponding line profiles

are shown as insets. (d, e) Molecular structures of the two

enantiomers. The atoms are color-coded: C (grey),

H (light blue or red). The hydrogen atoms shown in red

are the highest atoms above the surface. Imaging para-

meters: (a–c) 100 mV, 5 pA.

Figure 4 | 3D representations of 2a. (a) Molecular struc-

ture of 2a optimized at the ωB97X-D/def2SVP level of

theory. (b) Optimized structure of 2a adsorbed on Cu(111)

via vdW-DFT calculation. Hydrogen atoms are omitted

for clarity. The interplanar angles between the terminal

rings (e.g., the two red-filled hexagons) of [5]helicenes

are marked in red. The distorted triphenylene core of 2a
with torsion angles and the corresponding side view are

displayed on the right of the panels.
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torsion angle of 11.7° for the three outer rings. The curva-

ture of this molecule is significantly attenuated upon its

adsorption on Cu(111); that is, the interplanar angle and

torsion angle were respectively reduced by about 25%

and 32%, which we ascribed to the strong molecule-

surface interactions, including van der Waals and chemi-

cal forces.47

Finally, to investigate the conformational landscape of

2 in the solution, we decided to carry out a high-perfor-

mance liquid chromatography (HPLC)-electronic circular

dichroism (ECD) analysis to detect and assign the struc-

ture of the most stable diastereomers in equilibrium. This

approach to the stereochemical analysis of chiral com-

pounds supported by quantum chemical calculations has

been demonstrated to be highly effective and depend-

able for investigating the 3D structure of diverse chiral

organic molecules.51–53 Under our conditions of HPLC

separation, four peaks were identified at 4.7, 5.3, 6.4, and

8.4 min, respectively (Figure 5a).

In ECD detection carried out at 245 nm, only the most

intense peaks 2 and 3 give clear, opposite ECD signals.

Nevertheless, we could record full ECD spectra for all

peaks. The experimental online UV/ECD spectra from

peaks were recorded in the course of HPLC separation,

thanks to a manual stop-flow mode (Figure 5b,c). Online

ECD spectra recorded from peaks 1 and 4 and peaks 2

and 3 show the mirror image relationship, which is char-

acteristic for enantiomers. Furthermore, peaks 1 and 2,

and peaks 3 and 4 exhibit the same sequence of Cotton

effects, which indicate that they have the same configu-

ration. However, the intensity of online ECD spectra

substantially differ: peaks 1 and 4 are about 5–10 times

lower in intensity to peaks 2 and 3. The ECD spectra

recorded from peaks 1 and 4 are characterized by gabs

factors in the range from 1 × 10−4 to 4 × 10−5, while peaks 2

and 3 are characterized by substantially higher values in

the range of 3–5 × 10−3. This clearly points out that two

different pairs of species are present in the solution. Con-

sidering the issues related to the stability of the isomers of

2, we also carried out the variable temperature (VT)-HPLC

analysis using UV/ECD detection. In the range from 20 to

30 °C (see Supporting Information Figure S19), we did not

observe any substantial changes, which indicates no de-

tectable fluctuations of the conformational pool in the

solution equilibrium within the investigated temperature

range. However, further experiments byVT-NMRat higher

temperatures (40 and 60 °C) in CDCl3 confirmed that the

dynamic interconversion begins at a higher temperature,

notably broadening the peak of the minor diastereomer

(see Supporting Information Figures S20 and S21).

The ECD spectra are not suitable for the differentiation

of 2a from 2b* since ECD spectra are not sensitive

enough to the bowl-face orientation of 2. Nevertheless,

the results indicate MMM-helicity for peaks 1 and 2 and

PPP-helicity for peaks 3 and 4.

Conclusion
In conclusion, a combination of Heck reaction and

photochemical cyclization involving appropriate corannu-

lene halide and aryl vinylene precursors leads to the

formation of a highly distorted propeller-shaped novel

nanographene in an overall isolated yield of 28%. While

single crystals could not be grown for X-ray crystallo-

graphic investigations, a combination of submolecular

resolution imaging, DFT calculations, AFM/STM simula-

tions, and HPLC-ECD analysis allow for the successful

stereochemical characterization of this chiral 3D nanogra-

phene structure. Out of the possible 12 diastereomers our

surface examination can identify one specific diastereo-

mer. Both MMM and PPP enantiomers of this diastereo-

isomer could be visualized at the single-molecule level.

Figure 5 | (a) UV (top) and ECD (bottom) chromatograms of 2 on a ReproSil Chiral-MIC column (n-Hex : DCM = 20:80,

flow = 1mLmin–1, temperature = 20 °C) detected at 245 nm; (b) online UV, and (c) online ECD spectra of eluted isomers

of 2. Note: UV/ECD spectra are normalized, and ECD recorded frompeaks 1 and 4 aremultiplied by 10 to confront them

with data from peaks 2 and 3.
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