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Artificial Intelligence for Contemporary Chemistry Research

Zhu, Boyang™* Wu, Ruilong” Yu, Xi*?
(“ Department of Chemistry, Tianjin University, Tianjin 300072, China)
(® Tianjin Key Laboratory of Molecular Optoelectronic Sciences, Tianjin 300072, China)

Abstract Artificial intelligence (Al), especially the machine learning, is playing an increasingly important role in contem-
porary scientific research. Unlike the traditional computer program, machine learning can analyze a large number of data
repeatedly and optimize its own model, a process which is called a “learning process”. So that the Al can find the relationship
underling the experiments from a large number of data, form a new model with better prediction and decisionmaking ability,
and make an optimized strategy. The characteristics of chemical research just hit the strengths of machine learning. Chemical
research often faces very complex material system and experimental process, so it is difficult to accurately analyze and mak-
ing judgment through physical chemistry principles. Artificial intelligence can mine the correlation of massive experimental
data generated in chemical experiments, help chemists make reasonable analysis and prediction, and therefore greatly accel-
erate the process of chemical research. This review presents the modern artificial intelligence method and its basic principles
on solving chemical problems, by representative examples with specific machine learning algorithm. The application of arti-
ficial intelligence in chemical science is in a period of vigorous rise. Artificial intelligence has initially shown a powerful
assist to chemical research. We hope this review can help more domestic chemical workers understand and use this powerful
tool.
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Figure 1 The development of artificial intelligence concept. The biggest
difference between artificial intelligence and automation is the source of
the program: the automation program is a fixed model manually set by
human, which responds to specific inputs; the artificial intelligence pro-
gram is a model that can mine laws from existing data and conduct
self-learning to improve itself, generate reliable model automatically, this
model can also correctly respond to unexpected inputs, and has the ability
to predict and analyze new situations.
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Figure 2 The machine learning process. (1) Preprocessing: Divide the
raw data into a training set and a test set, the training set serves as the
model’s “learning material”, and the test set verifies the model's ability to
respond to new situations. (2) Training: Build the structure of training set
to model to test set. Adjust the optimization parameters of the algorithm
inside the model and iterate multiple times until the model output meets
the expected value. (3) Evaluation: Use the test set to evaluate the expres-
sive ability of the model.
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b.

Code Description

a_acc Number of hydrogen bond acceptor atoms
a_don Number of hydrogen bond donor atoms
a_hyd Number of hydrophobic atoms.

Approximation to the sum of VDW surface areas (A2)

vsa_acc
of pure hydrogen bond acceptors

Q_PC+PEQE_PC+ Total positive partial charge

Q_PC-PEOE_PC— Total negative partial charge

i3D Dipole moment

1K Kier first shape index

2K Kier second shape index

3K Kier third shape index

Wei Molecular weight (including implicit hydrogens) in

eight . . . . .

atomic mass units with atomic weights

SlogP Log of the octanol/water partition coefficient.

TPSA Polar surface area (AZ)

a_nN Number of nitrogen atoms

B3 (a4 T 3D GifAn g TAEF RS, (b)FI I MOE it 584> Ttk
%3[4,19].

Figure 3 (a) Values of 3D molecular descriptors. (b) Molecular de-
scriptors calculated with MOE™'?). Reprinted with permission from ref.
[19]. Copyright [MDPI, Basel, Switzerland].
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Figure 4 Rough classification of molecular descriptors. The qualitative
descriptor is also called molecular fingerprint, by using a certain code to
represent the molecular structure, property, fragment or substructure
information!*'.
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Software Descriptor- Software  Descriptor-
Num Num
Dragon 4885 MOE >300
MODEL 3778 Joelib >40
MolGen 707 ADAPT >260
Cerius 2 73 SYBYL >100
Sarchitect 1084 PowerMV >1000
PreADMET >2500 CODESSA >1500
MOLE-db 1124 Pipeline Pilot  >390
ADMET Predictor 297 SARNavigator >70
b. MOLE db - Molecular Descriptors Data Base
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ics and QSAR Research Group

[The MOLE db - Molecular Descriptors Data Base Is a free on-line database comprised of 1124 molecular descriptors calculated for|
234773 molecules. At the present moment, 38087 queries have been made on the database. This data base Is Intended as a research and
teaching tool: please, read here general details, references, credits, limitations, warranty and conditions.

Otherwise, click here for help on how to query the data base.
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Figure 5 (a) Commonly used molecular descriptor calculation software
and [tzl;? number of descriptors that can be calculated. (b) MOLE-db inter-
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Figure 7 Influence of machine learning on the chemical workflow. Illustrative examples of molecular characterization, design, and synthesis are dis-
played in colored dialog boxes, each of which represents a closed working process*”. Reprinted with permission from ref. [30]. Copyright © 2019, Amer-
ican Chemical Society.
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Figure 8 Using clustering heat map to show the contribution of ML in chemistry research. Data are expressed as fractions of the highest number of pub-
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clustering with Euclidean distances and Ward linkage was performed on both Chemistry sub-fields and type of application. Co-occurrences are colored
using a yellow-to-red color scheme. Highest and lowest relative contributions correspond to 1 (red) and 0 (yellow) values, respectively™. Reprinted with
permission from ref. [32]. Copyright © 2019 Cova and Pais.
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Schematics of expressions of a molecule, including image, simplified
molecular-input line-entry system (SMILES), and fingerprints.”” Reprint-
ed with permission from ref. [6]. Copyright © 2019 The Authors, some
rights reserved; exclusive licensee American Association for the Ad-
vancement of Science.
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Figure 13 Verification of ML models with experiment. (a) Comparison
of the results from four different models. (b) Schematic diagram of the
cell architecture used in this study. (c) J-¥ curve of the solar cell with the
active layer using the predicted donor material. (d) Prediction results
versus experimental data for the predicted donor materials with the RF
algorithm and Daylight fingerprints . Reprinted with permission from
ref. [6]. Copyright © 2019 The Authors, some rights reserved; exclusive
licensee American Association for the Advancement of Science.
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Figure 14 Synthesis planning with 3N-MCTS. (a) MCTS searches by iterating over four phases. In the selection phase (1), the most urgent node for
analysis is chosen on the basis of the current position values. In phase (2) this node may be expanded by processing the molecules of the position A with
the expansion procedure (b), which leads to new positions B and C, which are added to the tree. Then, the most promising new position is chosen, and a
rollout phase (3) is performed by randomly sampling transformations from the rollout policy until all molecules are solved or a certain depth is exceeded.
In the update phase (4), the position values are updated in the current branch to reflect the result of the rollout. (b) Expansion procedure. First, the molecule
A to retroanalyse is converted to a fingerprint and fed into the policy network, which returns a probability distribution over all possible transformations (T
to T,). Then, only the k£ most probable transformations are applied to molecule A. This yields the reactants necessary to make A, and thus complete reac-
tions R, to Ry. For each reaction, the reaction prediction is performed using the in-scope filter, returning a probablity score. Improbable reactions are then
filtered out, which leads to the list of admissible actions and corresponding precursor positions B and C*!,
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Figure 17 Experimental process of combining liquid handling robot and artificial intelligence to explore chemical space. The liquid-handling robot per-
forms reactions by choosing reactants from the pool of starting materials. Online analytics is used for real-time interpretation of reaction outcomes as reac-
tive or non-reactive, and the reaction database stores reaction outcomes. Machine learning is used to build a model of the chemical space, recommend the

next experiments and control the robot!*".

T Ay O
oo ° J
A, o
09 o
(%)

B 18 I BURLtE r o SVM MR /3 2R B . 8T A0 B
POV R BB /NI B > T AL R A4S B /NI B, R T
PO 2 73S T E S 4 )8 1 1.

Figure 18 Schematic diagram of data classification by SVM when the
given data is linearly separable. The minimum distance of hyperplane A0
from two groups of points>>the minimum distance of hyperplane Al
from two groups of points, so hyperplane PO is a hyperplane with better
classification function.
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Figure 20 Prediction of the NMA ground-state dipole moment by NN.*”), Use RF to filter out the most important n* transition energy descriptors. This
part of the descriptor is input into the NN to predict the NMA ground state dipole moment, and the prediction result is compared with the DFT theoretical
calculation result. Reprinted with permission from ref. [59]. Copyright © 2019 Published under the PNAS license.
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Figure 21 Synergy of quantum chemistry and machine learning. a.
Forward model: ML predicts chemical properties based on reference
calculations. If another property is required, an additional ML model has
to be trained. b. Hybrid model: ML predicts the wavefunction. All ground
state properties can be calculated and no additional ML is required. The
wavefunctions can act as an interface between ML and QM'®". Reprinted
with permission from ref. [61]. Copyright © 2019, Springer Nature.
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Figure 23 Schematic diagram of convolutional neural network (CNN).
CNN requires the input to be in the form of image data. Each convolu-
tional layer extracts and retains spatial information, and learns a repre-
sentation, which is then passed to the traditional fully connected feedfor-
ward neural network before the output layer”®.,
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