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            Abstract
Single-molecule imaging with atomic resolution is a notable method to study various molecular behaviours and interactions1,2,3,4,5. Although low-dose electron microscopy has been proved effective in observing small molecules6,7,8,9,10,11,12,13, it has not yet helped us achieve an atomic understanding of the basic physics and chemistry of single molecules in porous materials, such as zeolites14,15,16. The configurations of small molecules interacting with acid sites determine the wide applications of zeolites in catalysis, adsorption, gas separation and energy storage17,18,19,20,21. Here we report the atomic imaging of single pyridine and thiophene confined in the channel of zeolite ZSM-5 (ref. 22). On the basis of integrated differential phase contrast scanning transmission electron microscopy (iDPC-STEM)23,24,25, we directly observe the adsorption and desorption behaviours of pyridines in ZSM-5 under the in situ atmosphere. The adsorption configuration of single pyridine is atomically resolved and the S atoms in thiophenes are located after comparing imaging results with calculations. The strong interactions between molecules and acid sites can be visually studied in real-space images. This work provides a general strategy to directly observe these molecular structures and interactions in both the static image and the in situ experiment, expanding the applications of electron microscopy to the further study of various single-molecule behaviours with high resolution.
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                    Fig. 1: Strategy for iDPC-STEM imaging of small molecules by host–guest interactions.[image: ]


Fig. 2: In situ imaging of the adsorption and desorption behaviours of pyridines in ZSM-5.[image: ]


Fig. 3: Atomically resolving a single pyridine molecule in ZSM-5.[image: ]


Fig. 4: Imaging single thiophene molecules in ZSM-5 for identifying acid sites.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Thin (quasi-2D) areas in ZSM-5 crystal.
a, Annular dark-field STEM image showing the lateral view of the thin area in ZSM-5 crystal. The thickness of the thin area is about 4 nm, which can be measured from this lateral view. b,c, Thickness mapping and profile analysis by EELS. The measured thickness of this thin area is also about 4 nm. d, PACBED pattern at the thin area of ZSM-5 crystal. The simulated pattern for a sample thickness of 6 nm is given to compare with the experimental result. e, Profile analysis of the experimental and simulated PACBED patterns to estimate the thickness of this thin area. The position of profiles is given in d. The inset shows the least-squares fitting of the experimental PACBED pattern with the simulated ones, indicating that this area is about 6 nm thick.


Extended Data Fig. 2 Analysis of empty channel and vertical pyridine.
a, Structural model, simulated and experimental images of an empty ZSM-5 channel. b, Structural model, simulated and experimental images of the ZSM-5 channel with a vertical pyridine (without acid sites).


Extended Data Fig. 3 Calculated near-horizontal pyridine configurations.
a, Numbered T and O sites in the ZSM-5 (MFI) framework. b–k, Calculated structural models of pyridine molecules with the lowest interaction energy when bonding with different acid sites. Here we only show these ten acid site positions, because for other positions pyridines will be adsorbed into sinusoidal channels that cannot be imaged from this [010] projection. The stable pyridine configuration in c, when setting the acid site at O2, is consistent with the imaged results in Fig. 3.


Extended Data Fig. 4 More images in Stage 3 of the in situ experiment.
The iDPC-STEM images are continuously captured at different times during the desorption of pyridines (Stage 3).


Extended Data Fig. 5 Statistics of pyridine features in each channel after heat treatment.
There are about 45% empty channels, about 33% channels with near-horizontal pyridines and about 22% channels with vertical pyridines.


Extended Data Fig. 6 TGA and IR spectroscopy of the pyridines in ZSM-5.
a, TGA result of the pyridine/ZSM-5 sample. The sample stays at 120 °C (boiling point of pyridine) for 1 h to completely remove bulk or surface pyridines. The inset shows the peaks of pyridine desorption. At around 200 °C, most of the pyridines adsorbed mainly by van der Waals interactions were desorbed, whereas the remaining pyridines strongly bonding with the acid sites were also desorbed at over 300 °C. b, IR spectroscopy of protonated pyridines bonding with the acid sites at 200 and 350 °C. The peak at about 1,540 cm−1 indicates the N–H bonds in the protonated pyridines, which strongly interact with the Brønsted acid sites. This result shows that, in this temperature range, there are still some protonated pyridines (with near-horizontal configurations) confined in ZSM-5 channels.


Extended Data Fig. 7 iDPC-STEM images of the pyridine/ZSM-5 samples through heating.
a, iDPC-STEM image before heating (saturated van der Waals adsorption). b, iDPC-STEM image after heating at 200 °C outside the scanning transmission electron microscope. c, Different kinds of pyridine configuration in ZSM-5 channels after heating. More magnified iDPC-STEM images of the near-horizontal pyridine configurations are given, the sizes of which agree with the model of pyridine molecules.


Extended Data Fig. 8 Effects of thermal vibration and noise on iDPC-STEM images.
a, Effect of thermal vibration on iDPC-STEM images studied by image simulations. The sigma of TDS ranges from 0.1 to 0.5. b, Effect of Poisson noise on iDPC-STEM images studied by image simulations. The electron doses in the simulations are 1,500 and 3,000 e− Å−2, respectively. The thickness is 4 nm (2-unit-cell thickness). c, Simulated image with no TDS and noise with a profile direction (white arrow) for the profile analysis in d and e. d,e, Profile analysis to show the effects of thermal vibration and noise on iDPC-STEM images.


Extended Data Fig. 9 More profile analysis of the single molecules in ZSM-5 channel.
a–d, Comparison between the raw (a), Gaussian-filtered (b and d) and simulated (c) images of the pyridine discussed in Fig. 3. e,f, Profile analysis of these images to demonstrate the consistency of the experimental and simulated results. Two profile directions are marked by the red and blue arrows in d. g,h, Structural models and simulated images of two thiophenes discussed in Fig. 4. i,j, Profile analysis of the experimental and simulated images. Two profile directions are marked by the red and blue arrows in g and h.


Extended Data Fig. 10 Calculated near-horizontal thiophene configurations.
a, Numbered T and O sites in ZSM-5 (MFI) framework. b–k, Calculated structural models of thiophene molecules with the lowest interaction energy when bonding with different acid sites. Here we only show these ten acid site positions, because for other positions thiophene will be adsorbed into sinusoidal channels that cannot be imaged from this [010] projection. The S atoms in thiophenes are just pointing to acid sites to identify the positions of these acid sites. The thiophene configurations in e and i, when setting the acid site at O8 and O19, are consistent with the imaged results in Fig. 4.


Extended Data Table 1 Coordinates of six atoms of pyridines in ten models and Fig. 3Full size table


Extended Data Table 2 Coordinates of S atoms of thiophenes in ten models and Fig. 4Full size table
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