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Abstract 

Direct imaging of single molecules has to date been primarily achieved using scanning probe 

microscopy, with limited success using transmission electron microscopy due to electron beam 

damage and low contrast from the light elements that make up the majority of molecules. Here, 

we show single complex molecule interactions can be imaged using annular dark field scanning 

TEM (ADF-STEM) by inserting heavy metal markers of Pt atoms and detecting their positions. 

Using the high angle ADF-STEM Z1.7 contrast, combined with graphene as an electron transparent 

support, we track the 2D monolayer self-assembly of solution-deposited individual linear 

porphyrin hexamer (Pt-L6) molecules and reveal preferential alignment along the graphene zig-

zag direction. The epitaxial interactions between graphene and Pt-L6 drives a reduction in the 

inter-porphyrin distance to allow perfect commensuration with the graphene. These results 
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demonstrate how single metal atom markers in complex molecules can be used to study large scale 

packing and chain bending at the single molecule level. 
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Self-assembly of molecules on atomically well-defined surfaces is a promising method for 

fabrication of the nanometer-sized functional systems.1 Conjugated porphyrin oligomers and 

polymers, either in their linear or cyclic form, have attracted attention in the field of molecular 

organic electronic devices such as field-effect transistors, solar cells, organic photovoltaics, and 

single-molecule electronics,2-8 because of their unusually fast delocalisation of charge and 

energy.9-12 Template-directed synthesis13,14 can enable a diverse range of metalloporphyrin 

oligomer architectures with application in the design of organic semiconductor. Therefore, an 

understanding of the structure of individual porphyrin oligomer chains and their self-assembly on 

surfaces at the nanoscale becomes essential for their solid-state integration in devices and surfaces.  

Most studies to date of molecular self-assembly on surfaces have been done using scanning 

probe microscopy (SPM), which has been proven as an ideal technique to image 2D monolayer 

packing and ordering.15-22 However, SPM typically struggles with high through-put screening of 

molecular self-assembly, making studies difficult and slow when relying on SPM. The other main 

imaging technique for atomic and nanoscale studies is transmission electron microscopy, but these 

high energy beams often decompose molecules rapidly under the required dose to obtain sufficient 

contrast from the light elements that make up the majority of molecular systems. Some success 

has been made in imaging and characterizing the interactions of small molecules by phase contrast 

TEM by using very thin electron beam transparent supports, such as the inner region or the surface 

of carbon nanotubes and graphene.23-28 The periodic structure of graphene is also possible to 
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remove from images by filtering in reciprocal space to obtain images of molecules as if they are 

suspended in free space. However, the range of molecules that can be imaged clearly by TEM is 

generally limited to those that are relatively stable under the electron beam and isolated, because 

electron beam irradiation can induce intermolecular reactions that change the intrinsic packing 

behavior, and even transform organic self-assembled monolayer to a 2D crystalline sheet.29-33 In 

fullerenes this is observed as fusion together to form nanotubes,34-36 or in the case of metal 

containing molecules this causes the release of metal atoms and the formation of metal 

nanoclusters and the graphitization of the carbon atoms.26,37 

 The use of annular dark field scanning TEM for molecular imaging has been limited due 

to the higher damage it induces compared to low-dose phase contrast imaging. Phase contrast 

imaging at low-dose has been boosted recently with single electron sensitive direct imaging 

cameras that provide high contrast.38 However, ADF-STEM offers contrast that scales as Z1.4-1.7

and offers opportunity to discriminate heavier atoms from the carbon backbone in complex 

molecular systems.39 To date, the combination of ADF-STEM with graphene supports has been 

successful in tracking contrast from heavy Pt metal atoms in azo-benzene photoswitching 

molecules revealing mechanical trans-cis transitions of individual molecules, 2D packing of C60 

in graphene sandwiches, and Gd-based metallofullerene fusion dynamics on graphene.40-42 The 

ambition to use metal atom markers for ADF-STEM studies of molecules dates back to beyond 30 

years ago, with work on using iridium clusters,43 but to date there has been little success in 

observing periodic uniform spacings of single metal atom markers beyond two atoms using ADF-

STEM. Expanding this to more complex molecular systems is crucial for its further uptake as a 

characterization tool.  
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The inherent challenge in ADF-STEM imaging is the massive electron dose needed to 

obtain sufficient contrast from single carbon atoms in order to resolve single molecule structure, 

and most molecules cannot handle this and approaches for low-dose imaging have been pursued. 

But relying on imaging carbon atoms requires the substrate support to be pristinely clean, 

something which is extremely difficult for solution deposited molecules. Here we take a different 

direction for studying single molecules and their self-assembly on graphene. We focus on using 

multiple heavy Pt atoms as marker points in a complex molecule and use gentle imaging conditions 

sufficient to obtain contrast from single Pt atoms, which prevents excessive damage to the 

molecular monolayers. Linear porphyrin hexamers are synthesized with Pt centers providing six 

sites of strong contrast in ADF-STEM. This enables the study of 2D monolayer self-assembly on 

graphene surfaces by ADF-STEM, with the ability to track long range order of stacking. 

Furthermore, it enables the inter-porphyrin distance to be determined as well and compared to 

theory, revealing distortions and single molecule bending and structural contractions. This 

approach can be expanded to other complex molecular systems that can include multiple heavy 

atoms.  

Results and Discussion 

Figure 1a shows a schematic diagram of a platinum (Pt) porphyrin hexamer with 

termination groups and Figure 1b and 1d show top and side-views of the atomic structure of a Pt-

porphyrin linear hexamer (Pt-L6). The four-coordinate Pt atom is in the plane of the porphyrin and 

the 25-atom porphyrin core is planar. The meso-aryl substituents are twisted at an angle of 73 ± 9° 

to the mean plane of the porphyrin.44 The expected Pt-Pt distance of a butadiyne-linked porphyrin 

oligomer is ~1.35 nm, according to crystallographic analysis of a zinc porphyrin dimer45 and small-

angle X-ray scattering of a zinc porphyrin hexamer.12 The porphyrin units have long side chains 
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to promote solubility in organic solvents (See Supporting Information to find the detailed remarks 

on organic synthesis). Figure 1c shows an overview of our TEM specimen observed under the 

scanning electron microscope (SEM) mode at low magnification, where dark circles are suspended 

graphene and white area is a thick SiN membrane. Deposited porphyrin hexamer molecules on 

graphene is schematically drawn in Figure 1e.  

Figure 1. Overview of the study. (a) Schematic of a Pt-porphyrin monomer, where an integer number 6 

indicates the number of porphyrin subunits, and (b, d) the atomic model structures of an individual hexamer 

chain in different viewing directions: top and side-views. Different atoms are shaded in different colours 
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for the visualization (Pt: green, N: blue, Si: yellow, C: grey, and H atoms are omitted). The ideal Pt-Pt 

distance of a butadiyne-linked porphyrin dimer is ~1.35 nm, and the end-to-end Pt-Pt distance is ~6.75 nm. 

(c) SEM image showing several aperture positions on a holey SiN TEM grid. (e) 3D-schematic illustration 

showing deposited porphyrin hexamers on to a surface carbon/graphene substrate.     

ADF-STEM images of the Pt-L6 deposited on to the graphene surface are shown in Figure 

2a,b (see also Figure S1 for more examples). Atomic resolution image of graphene is shown in 

figure 2c, from the green boxed area in 2b. Where the graphene surface is covered with Pt-L6 

hexamers, Pt metal centres are clearly visible as higher contrast dots, as shown in Figure 2a,b. In 

general, Pt-L6 hexamers were well dispersed on the graphene surface, mostly with monolayer 

density and pretty uniform intramolecular distance, except a few highly dense or dilute regions as 

a typical consequence expected from a drop-cast solution method. Much of the graphene surface 

is covered by surface carbon residue (Figure 2d) which is observed as the lighter contrast area 

(outlined by yellow box in Figure 2b). Randomly distributed particles with less bright contrast than 

Pt atoms are also observed on surface carbon area, which are possibly C, N, and Si atoms coming 

of the original hexamer structure and CVD graphene contamination. However, Pt contrast is easily 

detected above these elements. The molecules appear to be either on the surface carbon or are 

surrounded by some carbon residue. Isolated Pt-L6 hexamers were selected at a moderately low-

density area, where we could exclude the possibilities of overlapping or crossing-over among 

several hexamer chains, and several representative hexamers are indicated, yellow line in Figure 

2e-i.  
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Figure 2. ADF-STEM images of Pt-porphyrin hexamers dispersed on graphene surface recorded at 

80 kV. (a-b) ADF-STEM image of suspended graphene with hexamers deposited on top, taken at the same 

location at (a) lower and (b) higher magnifications. The darkest area (outlined by green box) in the image 

(b) corresponds to (c) the pristine graphene, which is covered by (d) surface amorphous carbon, which is 

observed as the lighter contrast area (outlined by yellow box). Pt atoms of each porphyrin unit is shown as 
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bright circles (pointed by red arrows) in the image (b). (e-i) ADF-STEM images of individual Pt-porphyrin 

hexamers. The scale bars are 2nm.  

To explore the behavior of Pt-L6 hexamers dispersed on graphene surface, we investigated 

dozens of ADF-STEM images of individual molecules at different locations on a TEM grid. We 

chose reasonably low concentration areas to avoid overlap of hexamers. We excluded fragmented 

porphyrin oligomers (i.e., n = 2-5, shown in Figure S2) from our analysis. We also tested the 

electron-beam irradiation effect on a hexamer introduced by typical ADF-STEM imaging 

conditions to understand the degree of Pt diffusion, Figure S3. During the entire time span of about 

~3 min, only small changes in both Pt-Pt interdistance and bending angles occur, which 

demonstrates imaging represents the intrinsic molecular structure. ADF-STEM image simulations 

were done using multislice methods with added noise to match the experimental. In order to 

consider the impact of surface carbon residue, we put 1~3 layers of amorphous carbon on 

monolayer graphene for the simulations in Figures 3a and 3b. Figure 3c shows an experimental 

ADF-STEM image of a single hexamer, where each Pt atom location is imaged as a bright contrast 

dot. Figure 3d is a multislice simulated image of the atomic structure in Figure 3a, which shows 

that heavy Pt metal centres are predominantly discernible with the brightest contrast in STEM 

image under our experimental condition. Figure 3e shows experimental and simulated line profiles 

along the single hexamer chains in Figs 3c and 3d, with distances of 1.22, 1.28 nm in the 

experiment, which was shorter than simulated value of ~1.35 nm. A histogram showing the 

experimental Pt-Pt inter-distance distribution within a single hexamer by investigating dozens of 

Pt-L6 samples is shown in Figure 3f, where the measured average Pt-Pt distance is 1.26 ± 0.21 nm.  



9

Figure 3. Individual Pt-porphyrin hexamers. (a) Top-view and (b) side-view of an atomic model used 

for the image simulation: Pt-L6 sitting on top of 1~3 layers of amorphous carbon on a monolayer graphene. 

(c) A high-resolution ADF-STEM image showing each Pt atom location in an individual hexamer with 

clearly resolved high contrast. (d) HR-STEM multislice image simulation performed on the structure in (a). 

The scale bars are 2nm. (e) Intensity variations obtained from the boxed region of (c) and in (d) are line 

profiled in black and red colour, respectively. The measured neighbouring Pt-Pt distances are 1.22, 1.28 

nm in (c), and ~1.35 nm in (d). (f) A histogram showing the experimental inter-distance distribution 

between adjacent Pt metal centres, measured from dozens of Pt-L6 samples.  
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The porphyrin hexamers are not randomly distributed, but have an epitaxial relationship 

with the underlying graphene. Figure 4a shows a low-magnification ADF-STEM image of Pt-L6 

chains aligning with each other, and the inset is the power spectrum calculated by the fast Fourier 

transform (FFT) obtained from this area. Figure 4b is a high-resolution image taken at the region 

outlined by green box in Figure 4a, showing the underlying graphene lattice with its FFT pattern 

also presented (Note that the central beam is intentionally blocked by a black circle, in order to 

emphasize the diffraction spots coming from a sample itself). As highlighted with white dotted 

circles in each FFT pattern, hexagonal-symmetric diffraction patterns exist in addition to those of 

underlying graphene (see the inset FFT of Figure 4a), and each diffraction spot is well-aligned 

with the corresponding diffraction beams of graphene (see the inset FFT of Figure 4b) in the same 

angular orientation. Also, there is a diffuse circular ring (violet colour) in the inset of Figure 4a. 

In order to understand any reciprocal space correlations, we took a line profile along the green box 

in the FFT pattern, which includes the scatterings of both graphene and the other constituents. The 

obtained line profiles in Figure 4g demonstrate that there exist three peaks. Considering scanning 

distortion during STEM image recording, we investigated all of the six diffraction peaks and 

obtained the averaged value. The measured distances correspond (1) Inter-molecular distance of 

2.52 ± 0.08 nm, (2) Intra-molecular Pt-Pt distance of 1.13 ± 0.01 nm, and (3) Graphene lattice 

spacings of 0.21 ± 0.00 nm in a real space, respectively.  

Figures 4d-e are the cropped ADF-STEM images showing the alignment of hexamers 

along a specific crystallographic orientation. The measured intra-molecular spacing between 

adjacent hexamers is 2.3 ~ 2.5 nm roughly, which matches with the peak 1 distance within an error 

range. The inter-molecular diffraction spot is slightly blurred rather than forming a very sharp spot 

as in the case of graphene. Each scattering has broadened angular distribution, investigated in 
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Figure S4. The measured full-width half-maximum (FWHM) is 35.1 ± 16.1o, therefore hexamers 

are aligned along a specific orientation with an angular dispersion range of 35o. The measured 

peak 2 distance (1.13 nm) from the FFT pattern is similar to the average Pt-Pt distance of ~1.26 

nm measured from experimental images. Finally, peak 3 distance (0.21 nm) indicates a lattice 

parameter of pristine graphene. Figure S5 schematically illustrate how the Pt-L6 molecules align 

along the three directions and its relationship to the FFT pattern.   

Figure 4. Remote epitaxial relationship with underlying graphene. (a) ADF-STEM image showing 

porphyrin hexamers aligned each other (inset: FFT pattern zooming in the reciprocal space information of 

longer spacing region in the real space). (b) HR-STEM image showing the graphene lattice, obtained from 
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the green boxed region in (a). Inset shows the FFT pattern of graphene. Crystallographic lattice vectors are 

included as a1 and a2. (c) FFT pattern showing the diffraction patterns of both the underlying graphene 

(indicated by 3) and deposited Pt-porphyrin hexamers (indicated by 1 and 2). (d-f) The cropped ADF-

STEM images showing the alignment of the hexamers along a specific crystallographic direction, which is 

highlighted as red coloured arrows in each panel. (g) Line profile obtained along the green boxed region in 

(c). The measured distances from the centre peak to each peak are 1: 0.40±0.01 nm-1, 2: 0.89±0.01 nm-1, 

and 3: 4.69±0.02 nm-1, which correspond to 2.52±0.08 nm, 1.13±0.01 nm, and 0.21±0.01 nm, respectively. 

The indicated 1, 2, and 3 peaks represent the diffraction peaks from local alignment of hexamers, 

neighbouring Pt-Pt atom distance in a single hexamer, and graphene, respectively.  

In order to understand the experimental contraction of inter-Pt distances measured, we present 

schematic atomic models in figure 5. For as-is Pt linear hexamer molecule on graphene, with the 

Pt-Pt distance of ~1.35nm, the π-π interactions between the graphene and porphyrin lose 

commensuration. However, by reducing the Pt-Pt distance to ~1.23nm, the π-π interactions 

between the graphene and porphyrin retain perfect commensuration. This is close to the 

experimental measurement of 1.25nm. This reduction in Pt-Pt distance can be easily 

accommodated by out-of-plane bending of the interlinking carbon chains between porphyrins.  
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Figure 5. Schematic atomic model showing (a) unmodified Pt hexamer molecule with 1.35nm separation 

of porphyrin centers aligned along the zig-zag direction showing poor epitaxial commensuration with 

graphene due to lattice mismatch. (b) Pt hexamer molecule aligned along the zig-zag direction showing 

perfect commensuration with graphene by shortening of the distance between the porphyrin centers to 

1.23nm, which closely matches the experimental observation of Pt-Pt distances measured by ADF-STEM.  

Figure 6a-i shows the atomic models when Pt atoms in each chain are aligned 1) side-by-

side, 2) offset with each other, and 3) relatively random. When two chains are brought close to 

each other, long side functional groups rotate to fit into a limited space or repel each other if they 
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are too close. Enlarged views of the boxed regions in atomic models in Figures 6j-l illustrate how 

the functional groups may interact at each vertical alignment configuration. In addition, we also 

considered vertical stacking of two hexamers via π-π interactions, Figures 6g and 6i. In this case, 

bulky side groups may repel each other and Pt atoms in each chain should be observed very closely 

located, which was not found in our study. In Figures 6m and 6n, neighbouring hexamers are 

mostly aligned in offset position, but not perfectly aligned, with the most probably geometry 

described in Figure 6e. In terms of the long-range ordering, the Pt-L6 molecules typically formed 

small crystalline domains, where each domain was aligned to the graphene lattice direction, Figure 

6o,p. The size of these domains was between 20-100nm in width, forming a polycrystalline 2D 

molecular monolayer film on graphene. This domain size is less than the grain size of graphene 

used and indicates it is not from graphene grain changes, but rather from the drop-casting from 

solution approach. 
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Figure 6. Ordering and alignment between the adjacent hexamers. Schematic models describing 

various types of vertical alignments and corresponding multislice simulated images, when Pt atoms in each 

chain are aligned (a-b) side-by-side, (c-d) offset each other, and (e-f) relatively random. (g-i) The atomic 
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models and simulated image when the second hexamer is stacked on top of the first one. The scale bars are 

2 nm. (j-l) Enlarged views of the boxed regions in atomic models in (a), (c), and (e), showing the chain-

chain interactions. (m-n) ADF-STEM images showing the regions of well-aligned hexamers along the 

vertical direction. (o) Overview of the observation region taken at low magnification in ADF-STEM mode. 

(p) The same image was overlapped with coloured regions. Each colour roughly guides the boundary of the 

area where porphyrin hexamers are regularly aligned each other in a specific orientation. The length scales 

of each coloured region shown in the image are ~50 nm, ~36 nm, and ~70 nm for yellow, blue, and green 

area respectively. 

The amount of shortening of the Pt-Pt distance is <9%, which is well within the elastic limit for 

bonds in molecular systems at this length scale. Linear hexamer porphyrins are known to bend, 

with a specific persistence length that depends on their length.19 The interconnecting chains 

between each porphyrin are able to accommodate bending, both in the xy plane (graphene plane) 

and also in z plane (perpendicular to graphene plane). It is reasonable that the small bending of the 

interconnecting chains enables exact commensuration of the porphyrin rings with the underlying 

graphene lattice. The large molecules do not exist as rigid structures, but rather flexible wires. 

Furthermore, electron beam irradiation causes random displacement of Pt from the porphyrin host 

and this results in both contraction and enlargement of the Pt-Pt distance, not just an overall 

uniform contraction. The amount of Pt atom displacement is small enough that it doesn’t 

significantly impact the overall findings of the paper. We use data from the first image of the area, 

minimizing the damage. We use low dose conditions (i.e low magnification and short dwell times) 

to minimize the beam damage. Figure S3 shows a time series of images revealing the small scale 

molecular distortion from electron beam irradiation. 

Conclusion

In summary, we show that individual heavy metal atoms can be used to track complex 

molecules on graphene surfaces using ADF-STEM. The high contrast from the Pt atom enables 
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low dose conditions to be used to minimize damage and study the epitaxial alignment of the 

porphyrins to the graphene. The results indicate that this approach can be expanded to a wide range 

of molecular systems that were previously challenging to image. The observation of epitaxy 

between the molecules and graphene also demonstrates strong interactions, even though the sample 

is deposited from solution and residual carbon surface material is likely to be present. The use of 

ADF-STEM to detect single molecule packing provides a complimentary approach to scanning 

probe microscopy, but with potential for higher through-put and atomic resolution elemental 

mapping.  

Methods 

TEM Sample Preparation    

Graphene was transferred onto a holey Si3N4 TEM grid (Norcada) using a PMMA support and 

cleaned in a high-vacuum furnace by Ar/H2 flow condition at a temperature of 200oC. A single 

drop of a 6×10-7 M concentration porphyrin solution was deposited on to the graphene TEM grid 

using a pipette and left to dry for 30 min. The sample was baked in high-vacuum at 180 °C 

overnight to remove all the solvents.    

Scanning Transmission Electron Microscopy and Image Processing    

ADF-STEM imaging was performed using a JEOL ARM200F at 80 kV. CL aperture of 30 μm in 

diameter with a convergence semi-angle of 22.5 mrad and a beam current of 35 pA was used for 

the high-resolution imaging. We used 1024 x 1024 pixel imaging and dwell times of 8-32 μs for 

ADF-STEM imaging. Multislice image simulations were performed using JEMS with parameters 

according to experimental conditions; spherical aberration Cs =  -0.003mm; energy spread =  

0.6eV; probe size =  100pm, and the convergence semiangle =  22mrad.  

Supporting Information 
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Supporting Information is available free of charge on the ACS Publications website.  Methods for 

Pt-L6 synthesis, Supplementary figures include extra ADF-STEM images of molecules and 

graphene. 
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