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            Abstract
Inorganicâ€“organic hybrid materials1,2,3 such as organically templated metal oxides1, metalâ€“organic frameworks (MOFs)2 and organohalide perovskites4 have been studied for decades, and hydrothermal and (non-aqueous) solvothermal syntheses have produced thousands of new materials that collectively contain nearly all the metals in the periodic table5,6,7,8,9. Nevertheless, the formation of these compounds is not fully understood, and development of new compounds relies primarily on exploratory syntheses. Simulation- and data-driven approaches (promoted by efforts such as the Materials Genome Initiative10) provide an alternative to experimental trial-and-error. Three major strategies are: simulation-based predictions of physical properties (for example, charge mobility11, photovoltaic properties12, gas adsorption capacity13 or lithium-ion intercalation14) to identify promising target candidates for synthetic efforts11,15; determination of the structureâ€“property relationship from large bodies of experimental data16,17, enabled by integration with high-throughput synthesis and measurement tools18; and clustering on the basis of similar crystallographic structure (for example, zeolite structure classification19,20 or gas adsorption properties21). Here we demonstrate an alternative approach that uses machine-learning algorithms trained on reaction data to predict reaction outcomes for the crystallization of templated vanadium selenites. We used information on â€˜darkâ€™ reactionsâ€”failed or unsuccessful hydrothermal synthesesâ€”collected from archived laboratory notebooks from our laboratory, and added physicochemical property descriptions to the raw notebook information using cheminformatics techniques. We used the resulting data to train a machine-learning model to predict reaction success. When carrying out hydrothermal synthesis experiments using previously untested, commercially available organic building blocks, our machine-learning model outperformed traditional human strategies, and successfully predicted conditions for new organically templated inorganic product formation with a success rate of 89 per cent. Inverting the machine-learning model reveals new hypotheses regarding the conditions for successful product formation.
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                    Figure 1: Schematic representation of the feedback mechanism in the dark reactions project.[image: ]


Figure 2: Comparison of experimental outcomes relating to the formation of templated vanadium-selenite crystals, as a function of amine similarity.[image: ]


Figure 3: SVM-derived decision tree.[image: ]


Figure 4: Graphical representation of the three hypotheses generated from the model, and representative structures for each hypothesis.[image: ]
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        Editorial Summary
From 'dark' reactions to new synthetic routes
Many chemical reactions never make it into the methods sections of journal articles because they are deemed 'unsuccessful'. However, such reactions still provide valuable information about the bounds on reaction conditions needed for product formation. Alexander Norquist and colleagues have taken a set of such 'dark reactions' from laboratory notebooks â€” specifically for the formation of templated vanadium selenites â€” and enriched the data with chemical information and properties. They then used a machine-learning algorithm trained on the dark reactions dataset to predict reaction outcomes. The algorithm was able to predict reaction successes or failures with greater accuracy than human intuition. This demonstrates both the value of wider dissemination of unsuccessful syntheses, and the possibility of using machine learning to arrive at potential synthetic routes faster than by traditional means.
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