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Summary
A popular method to model the potential energy of molecules is through the use of a force
field. Force fields are a collection parameters that typically describe the bonded forces as
harmonic spring bond stretching, angle bending, and sinusoidal torsion bending in addition
to pairwise electrostatic and van der Waals interactions over non-bonded atoms. Each term
requires one or more parameters, e.g. spring stiffness and length, and these must be assigned
in some algorithmic way. Popular methods to assign parameters to molecules are generally
opaque and difficult to extend. A relatively new method to assign parameters from Open Force
Field uses molecular substructure queries called SMARTS to assign force field parameters.
Using SMARTS patterns to assign parameters simplifies the task of extending force fields, but
determining effective patterns has proven tedious and error prone. The goal of the BESMARTS
package described here is to automate the process of searching SMARTS patterns to aid
scientists to build better force fields.

Statement of need
BESMARTS is a Python package for manipulating SMARTS patterns using bitwise operations with
the goal of distinguishing two or more groups of molecular substructures. This functionality is
needed for force field design where each SMARTS substructure maps to force field parameters
such as harmonic bond lengths and force constants. The package contains functions to
generate patterns that are able split a set of molecules into two or more groups by directly
iterating over the information in the SMARTS pattern. Previous effort tackled this problem
by using Monte-Carlo sampling of SMARTS patterns until a given partition was satisfied,
but was too computationally expensive for general use (Bannan & Mobley, 2019). BESMARTS

implements a novel approach to finding SMARTS patterns by iterating through a given
SMARTS pattern and generating all possible ways to split a group into two groups using a
minimum amount of information in the patterns. This is accomplished by treating the SMARTS
as graphs with the SMARTS information, called primitives such as element, connectivity, ring
membership, etc, as bit vectors. Each bit represents a particular primitive value in the pattern,
e.g. [#6,#7] represents “carbon or nitrogen”. This package provides functionality to search for
SMARTS patterns with a configurable search exhaustiveness, which controls the computational
requirements of the exponential search in chemical space.

BESMARTS has already been used as a research tool in guiding experts in the development in the
previously published Sage 2.1 force field (Behara et al., 2023). A more in-depth description of
the algorithms and methodology of the BESMARTS package has been previously described (Gokey
& Mobley, 2023). This package should be useful to any work requiring a clustering based on
SMARTS patterns, or any physical model that needs to assign parameters to particular sets of
atoms in a molecular system that can be described with SMARTS patterns. We find the most
utility in this package for building and extending force fields, but we have previously shown its
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utility as a general clustering method to create hierarchies of chemical space (Gokey & Mobley,
2023).

Background
The simplified molecular-input line-entry system (SMILES) is popular in chemistry and related
fields due to its human-friendly approach to transcribing molecules. From a SMILES string,
SMARTS is a query language that determines whether a particular chemical group exists
in the target molecule. These two languages together have enabled a wide range tools and
applications.

The SMARTS language has been recently used as a method for parameter assignment for
potential energy functions. The collection of parameters is called a force field, and are a staple
in many areas of chemistry including drug binding assessment, free-energy calculations, and
molecular dynamics of macromolecules such as proteins. A prerequisite to using a force field is
determining how the parameters are assigned to the molecules. Traditionally, determining how
the parameters are applied has been through the use of specialized, opaque programs that are
coupled to their respective force field. For example, the general AMBER force field (GAFF)
typically refers to both how parameters are assigned and the parameter values themselves. As
mentioned above, a recent advancement is the use of SMARTS patterns to determine where
parameters are assigned. Using SMARTS patterns opens up the black-box nature of parameter
assignment, and extending a force field simply requires adding or modifying SMARTS patterns.
The problem herein this approach is that writing effective SMARTS patterns for force field
parameters is difficult, even for experts. Although a cheminformatician may be able to design
a clever SMARTS pattern to distinguish an exotic group that is similar in the chemical sense,
the cheminformatician must also design the pattern such that the chemistry grouped together
is also similar in the physical sense. The Open Force Field (OpenFF) Consortium has defined
the SMIRNOFF standard for a force field based on a hierarchy of SMARTS patterns (Mobley
et al., 2018). Most of the SMARTS patterns were determined by experts, and extending
the current set of SMARTS has proven tedious and error-prone. The difficulty in designing
SMARTS patterns is compounded by the fact that the order of the patterns is also important
in parameter assignment. Because a molecular substructure may match multiple SMARTS
patterns in the hierarchy, the SMARTS patterns must be ordered in a way that each molecular
substructure is assigned to its intended parameters.

Here, we describe a set of tools based on binary-encoded SMARTS (BESMARTS) that facilitate
the search for SMARTS patterns in a data-driven, automatic approach. The core utility of
BESMARTS is a set of tools to perform bitwise operation between two SMARTS patterns. This
is done by treating the patterns as graphs, and the SMARTS information, called primitives, is
embedded in the nodes (atoms) and edges (bonds). Additionally, to enable searching SMARTS,
the graphs can be iterated in a bitwise fashion over the SMARTS primitives. Doing so generates
new SMARTS by turning off one more of the iterated bits. Molecules which no longer match
the SMARTS pattern with removed bits therefore is split off from the original SMARTS. This
corresponds to creating a new parameter in a force field. Finally, in order to collect a set of
SMARTS into a usable hierarchy for force field design, two SMARTS can be compared using
set operations, specifically subset and superset relations. This is a necessary operation to define
a hierarchy of SMARTS, where we intend to specialize a particular force field parameter by
writing a new SMARTS pattern that carves out a subset of chemistry of the original SMARTS.
The automated search enabled by the BESMARTS package and explicit formation of a SMARTS
hierarchy using operations defined here lies at the heart of force field design using SMARTS,
and we hope that this work has utility to the broader community of force field designers.
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