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Abstract: The IUPAC International Chemical Identifier (InChl) is a structure-based chemical identifier that encodes
various aspects of a chemical structure into a hierarchically layered line notation. Because InChl is non-proprietary,
open-source, and freely available to everyone, it is adopted in popular chemical information resources and software
programs. This paper describes the InChlI Open Education Resource (OER) (https://www.inchi-trust.org/oer/),
designed to provide educators and other interested parties with resources, training material, and information
related to InChl. Currently, the OER contains over 100 materials collected from various sources and provides users
with search, filtering, and sorting functionalities to locate specific records. New relevant materials can be suggested
by anyone, allowing the scientific community to share and find InChI-related resources. This paper will show how to
use the InChlI OER tag taxonomy to filter content and demonstrate two resources within the InChl OER; the
ChemNames2LCSS Google Sheet and the InChILayersExplorer, an Excel spreadsheet that breaks an InChl into its
layers. While the InChI OER is of value to a broader chemistry community, this paper seeks to reach out to chemical
educators and provide them with an understanding of InChI and its role in the practice of science.

Keywords: IUPAC; International Chemical Identifier (InChI); Open Education Resource (OER); PubChem; Labo-
ratory Chemical Safety Sheet (LCSS)

1 Introduction

Today’s students will be entering a world and workplace where decision-making and the practice of science will
become ever increasingly intertwined with big data, and yet this topic is noticeably missing in the undergraduate
chemistry curriculum. In 2009 Microsoft Research published “The Fourth Paradigm: Data-Intensive Scientific
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Discovery”, an anthology of essays on data science in memory of the data scientist Jim Gray (Hey et al., 2009). The
introduction “Jim Gray on eScience: A Transformed Scientific Method” was based on a 2007 talk he gave in
Mountain View California, which defined four paradigms of science.

— 1st Paradigm: Empirical Science (thousands of years old)

— 2nd Paradigm: Theoretical Science (centuries old)

— 3rd Paradigm: Computational Science (decades old)

— 4th Paradigm: eScience/data exploration (years old)

Roughly 220 years earlier Lavoisier stated in his 1790 book, “Elements of Chemistry, in a New Systematic Order,
Containing All the Modern Discoveries” (Lavoisier, 1790/2009), that:

Asideas are preserved and communicated by means of words, it necessarily follows that we cannot improve the language of any
science, without at the same time improving the science itself; neither can we, on the other hand, improve a science without
improving the language or nomenclature which belongs to it.

At the turn of the second millennium, it was clear that a new form of chemical representation was evolving that

aligned with the third and fourth paradigms of science and could be used by machines to both store data and

perform complex computations. Digitized molecular representation essentially took three different forms: mo-
lecular graphs, line notation, and index numbers.

— A molecular graph was the most data-intensive format, which at a minimum contained two data tables, an
atom table (identifying the atoms in a molecule) and a connection table (identifying the bonds).

— Line notations used rules to code the information of the molecular graph into a one-dimensional string
of characters, with the Simplified Molecular Input Line Entry System (SMILES) (Weininger, 1988, 1990;
Weininger et al., 1989) being the most common. Issues of canonicalization arose as different software would
often generate different SMILES for the same molecules (caffeine was shown to have up to 4160 different
SMILES strings (Sayle, 2014)), and there were even issues with canonical SMILES as the string depended on the
canonicalization algorithm.

— The simplest way of representing a molecule on a computer was using an index number or alphanumeric
string like a Chemical Abstract Services (CAS) registry number (https://www.cas.org/support/documentation/
chemical-substances/faqs), which requires a lookup table and had no structural information coded into it.

Lavoisier’s statement was prophetic and as the chemical sciences evolved beyond empirical and theoretical
paradigms there was an interdependent and concurrent need for the chemical nomenclature to evolve. That is,
the Fourth Paradigm Science could not effectively contribute to scientific discovery if communication across
databases and software agents was impeded when different identifiers were used to describe the same chemical.
The International Union of Pure and Applied Chemistry (IUPAC) is the international authority on chemical
nomenclature and terminology whose recommendations are made public through the IUPAC Color Books (https://
iupac.org/what-we-do/books/color-books/) and the journal Pure and Applied Chemistry (https://www.degruyter.
com/journal/key/pac/html). IUPAC recognized the need to extend the realm of standardized nomenclature into
computer representations and in March of 2000 Ted Becker, Alan McNaught, and Stephen Heller organized a
meeting at the US National Academy of Sciences to explore this (Boucher et al., 2018). They subsequently teamed
up with the US National Institute of Standards and Technologies (NIST), which was already working on the
problem, and in January of 2001 the IUPAC-Chemical Identifier (IChI) project was initiated (https://iupac.org/
Project/2000-025-1-800/). In 2004, IChI was renamed to InChI (which stands for International Chemical Identifier),
and in April 2005, InChI Version 1 was released. In 2009, the not-for-profit InChI Trust (https://www.inchi-trust.
org/) was formed, which works with the IUPAC Division VIII InChI Subcommittee (https://iupac.org/body/802/) to
develop, test, and advance the functionality of InChI in an effort to align with the needs of the evolving sciences.

Various aspects of InChl, including its specification, are well documented elsewhere (Heller et al., 2013, 2015).
There were essentially two goals with the initial release of InChl. First, it was to enable communication across
databases and software agents. The objective was not to replace the identifiers a database used, but to allow that
identifier to be converted to an InChl, and thus if two databases used different identifiers for the same chemical,
the data could be aligned as they both convert to the same InChl. The second is to come up with an open-source


https://www.cas.org/support/documentation/chemical-substances/faqs
https://www.cas.org/support/documentation/chemical-substances/faqs
https://iupac.org/what-we-do/books/color-books/
https://iupac.org/what-we-do/books/color-books/
https://www.degruyter.com/journal/key/pac/html
https://www.degruyter.com/journal/key/pac/html
https://iupac.org/project/2000-025-1-800/
https://iupac.org/project/2000-025-1-800/
https://www.inchi-trust.org/
https://www.inchi-trust.org/
https://iupac.org/body/802/

DE GRUYTER A.P. Cornell et al.: InChI Open Education Resource (OER) =—— 79

standard canonical representation where only one InChI would be generated for a specific molecule, and that
anyone could use. This is not to say that you cannot have a canonical SMILES, but they are only canonical if the
same algorithm generated them. Thus, by having a unique canonical identifier that the different (often pro-
prietary) identifiers of specific databases and software agents can interconvert between, the InChI enables data
exploration in the chemical sciences. As Lavoisier so aptly stated above, “neither can we, on the other hand,
improve a science without improving the language or nomenclature which belongs to it” and InChl can improve the
practice of the chemical sciences in the age of big data.

The present article provides an overview of the InChI Open Education Resource (OER) (https://www.inchi-
trust.org/oer/), which aims to assist students, educators, and researchers in learning about and benefiting from
the use of InChI. While definitions of the term OER may vary depending on the contexts, it refers in this paper to
teaching, training, learning, or research materials that are in the public domain or that have been released under
an open license that permits their free use by any person. The OER includes a wide range of materials, such as
journal articles, blog posts, presentation files, videos, spreadsheets, and computer scripts. Rising costs of text-
books, coupled with increased college tuition in the past decade, have created obstacles for students to access and
succeed in higher education and the OER has emerged as a promising solution to this problem. Various forms of
OERs exist. For example, there are open textbook sites like LibreTexts and OpenStax, which provide free online
textbooks in a wide range of subjects for college and high school. Resources like the Massachusetts Institute of
Technology (MIT) OpenCourseWare provide the public with lecture notes, assignments, exams, and other ma-
terials used in the courses offered by the school. Khan Academy is also a popular OER platform, which offers free
online courses for a wide range of students from the pre-kindergarten through college level. Massive Open Online
Courses (MOOC) are another important example of OERs.

While the aforementioned OERs cover a wide range of subjects from humanity to science, some OERs are
discipline- or topic-specific. Many of them are community-based and take advantage of Web 2.0 Content Man-
agement Systems (CMS) to advance the teaching and learning of the specific area through the sharing of relevant
instructional resources. Some examples include the Analytical Sciences Digital Library (ASDL) (Chrzastowski &
Scheeline, 2006; Larive, 2009), the Interactive Online Network of Inorganic Chemists’ Virtual Inorganic Peda-
gogical Electronic Resources (IONiC/VIPEr) (Jamieson et al., 2011), and Organic Education Resources (OrganicER)
(Leontyev et al., 2020).

The InChI OER (https://www.inchi-trust.org/oer/) is similar to these topic-specific, community-based OERs.
InChI OER contains open-access content useful for chemical education at the upper-undergraduate and graduate
levels, although it also has materials targeting other audiences, including scientists interested in data-intensive
chemical research. In an effort to develop a comprehensive resource, the decision was also made to extend the
OER database to non-OER content. The non-OER content is not displayed by default and the user must click the
non-OER button on the OER site to include it. This paper was originally presented at an online conference hosted
by the Committee on Computers in Chemical Education (CCCE) of the American Chemical Society (ACS) Division of
Chemical Education (CHED) (Belford et al., 2020). The present paper is modified from its original version to reflect
discussions with chemical educators during the conference as well as technical updates since made.

2 What is InChI?

InChl is a structure-based textual chemical identifier (line notation) designed to be unique and to encode
substance identity at different levels of granularity. Anyone who knows the formula of a chemical entity will be
able to use the free software provided by the InChI Trust to obtain its InChl (see Figure 1). In addition, the InChl
API library is also freely provided. There are also multiple free molecular editors like PubChem Sketcher
(Thlenfeldt et al., 2009) and MolView (Bergwerf, n.d.) that can generate InChl strings from chemical structures or
names or vice versa, along with resolvers like OPSIN (Open Parser for Systematic IUPAC Nomenclature) (Lowe
et al., 2011) and the NCI Chemical Identifier Resolver (“NCI/CADD Chemical Identifier Resolver,” n.d.) Several of
these can be found in the InChI OER by using the tags “Molecular Editor” or “Resolver”.
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The capability of the InChl to represent a chemical to different levels of details is based on its layered
structure. The standard InChI has multiple layers (and several sublayers within the core layers). It starts with
“InChI = 1S/”, which indicates the version of the InChl being used, in this case, version 1. “S” stands for standard.
After the prefix, the layers and sublayers are encoded, separated with forward slashes, “/”. An example is shown
in Figure 2. It corresponds to (1R)-1-(*F)fluoroethanolate, the anionic form of an isotopically marked derivative of
fluoroethanol.

The four layers in the standard InChI are a main layer, which includes the chemical formula, the connec-
tivity, and the position of the hydrogens; a charge layer, which encodes changes in charge or protonation; a
stereochemical layer, where double bond (Z/E) stereochemistry and tetrahedral stereochemistry are reflected;
and an isotopic layer, to indicate isotopical changes. Additional layers, like a fixed-hydrogens layer, to locate
mobile hydrogens if required, a reconnected layer, used when metals are present, or a polymer layer, devoted to
encoding polymeric entities, are also considered in the current version of the InChI documentation (https://www.
inchi-trust.org/download-latest-inchi-standard-software/).

Figures 3 and 4 show a set of InChI for related compounds to illustrate these layers and show how they help
reflecting on chemical identity. Figure 3 includes neutral compounds which are different forms of 1-fluoroethanol.
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Stereochemically unspecified compounds and their stereoisomers have the same main layers. The stereochemical
layer allows one to distinguish between them. Isotopologues can be identified by the isotopic layer. Charged species
may have different main layers than the neutral counterparts as shown in Figure 4.

The layers of the InChI notation can help discuss what identity means in chemical compounds and clarify
what we refer to every time we use chemical identifiers.

The InChILayersExplorer (Figure 5) is an Excel spreadsheet that allows one to explore and exemplify the
layers in the InChl. This tool is available at the InChI OER via the URL: https://www.inchi-trust.org/inchi-post/
inchilayersexplorer-an-spreadsheet-to-tech-and-learn-the-structure-of-an-inchi/.
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Enter an InChl (or a compound name, synonym, SMILES or InChlKey)
InChl=1S/C2H4FO/c1-2(3)4/h2H,1H3/q-1/t2-/m1/s1/i3-1

InChl
InChI=1S/C2H4FO/c1-2(3)4/h2H,1H3/q-1/t2-/m1/s1/i3-1

o, M i
\ |
InChl Version Standard InChl c 7
Main Layer /C2H4FO/c1-2(3)4/h2H,1H3 | i
H—C—H
Chemical Formula Sub-layer /C2H4FO EII |
Atom Connections Sub-laye 1-2(3)4
Hydrogen Atoms Sub-layer /h2H,1H3
Charge Layer /q-1
Stereochemical Layer /t2-/m1/s1
Isotopic Layer /i3-1

Fixed-H Layer
Reconnected Layer

Figure 5: Screenshot of InChILayersExplorer that can be obtained in the InChI OER. Red inserts, which are not part of the spreadsheet
application, show the 2D and 3D depictions of the chemical represented by the analyzed InChI, (1R)-1-("®F)fluoroethanolate. The
InChILayersExplorer can be accessed via the URL: https://www.inchi-trust.org/inchi-post/inchilayersexplorer-an-spreadsheet-to-tech-and-
learn-the-structure-of-an-inchi/.

When the user provides an InChl string as an input, the InChILayerExplorer analyzes and splits it into
individual layers, as shown in Figure 5 (with (1R)-1-(®F)fluoroethanolate as an example). This tool also supports
other types of chemical identifiers (like a chemical name, SMILES, or InChIKey), which are converted to the
corresponding InChl string.

2.1 What is InChIKey?

One of the disadvantages of InChl is that it can get very long as the molecular size increases. For example, the
InChlI string of adrenocorticotropic hormone (also known as corticotropin; PubChem Compound ID 16132265) is
2073-characters long. It is not feasible to use such long InChI strings for casual chemical information searching
(e.g., using popular search engines through a web browser). This concern led to the development of InChIKey,
which is a hashed representation of the InChlI (see Figure 2). Hashing is a mathematical process that converts data
of arbitrary size into fixed-size values. The InChIKey is a 27-character-long string generated from an InChl string
of variable length by using the SHA-256 cryptographic hash function of the SHA-2 family (U.S. National Institute of
Standards and Technology, 2002). Because the InChIKey has a consistent length, regardless of the molecular size,
and is almost always shorter than InChI except for very simple molecules, making it a more suitable identifier for
searching the internet and indexing databases. For this reason, popular search engines including Google and Bing
support web search by InChIKey.

2.2 InChI for chemical data sharing and reuse

As more scientific data generated from government-funded research became increasingly available to the public,
scientific communities and funding agencies recognized a need for a digital data ecosystem that promotes the
sharing and reuse of scholarly data to maximize research investments. This led to the development of a set of
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guidelines for good data management and stewardship, called the FAIR data principles, where the term “FAIR” is

the acronym for Findable, Accessible, Interoperable, and Reusable (Wilkinson et al., 2016). According to the FAIR

principles, scientific data must be:

— Findable: both humans and computers should be able to find the data.

— Accessible: both data and the metadata should be readily accessible using standard methods.

— Interoperable: the data must be readily usable with other applications.

— Reusable: the data and metadata must be clearly defined so that they can be easily reused in other
experiments.

Most methods of chemical nomenclature do not comply with these requirements as well as the InChI nomen-
clature does, because of its interoperability and machine readability. The InChI format and algorithm are non-
proprietary and the InChI software is freely provided to everyone. In addition, because InChI makes it easier to
programmatically link chemical structures in one online resource with the same structures in another, it has been
adopted in many large chemical databases and computer programs that deal with millions of chemical structures.

2.3 Adoption of InChI in chemical education

There have been ongoing efforts to teach InChl in chemistry courses (Kadtsyna et al., 2022; Kim et al., 2021). These
courses cover various use cases of InChl. For instance, students learn how to use chemical-structure drawing
programs (e.g., ChemDraw, MarvinSketch) to draw chemical structures and convert them into their InChlI strings,
which, in turn, can be used as a query to search public online databases (e.g., PubChem and ChemSpider) for the
desired molecular properties. Another example is the conversion between InChIs and other chemical identifiers
(such as chemical names, CAS registry numbers, and SMILES strings) using free web-based tools, including the
National Cancer Institute Chemical Identifier Resolver (https://cactus.nci.nih.gov/chemical/structure) (Peach &
Nicklaus, 2018). Activities involving the Open Parser for Systematic IUPAC Nomenclature (OPSIN; https://opsin.ch.
cam.ac.uk/) (Lowe et al., 2011) are also covered in introductory courses. Writing a simple python or R script that
uses InChls to programmatically get chemical information from public chemical databases is an important topic
covered in cheminformatics courses for upper-undergraduate and graduate students.

In addition, InChI presents new opportunities for instructional technology in chemical education. Recently, a
web-based classroom response system (WBCRS) was developed, which enables automated assessment of and
feedback on chemical structures drawn by students as answers to organic chemistry questions (Otalvaro, 2022).
Another example is a work by the Bucholtz group, in which open-source optical structure recognition software is
used to convert hand-drawn Lewis dot structures of organic molecules into their InChI strings with an aim to
develop an automated grading system for hand-drawn chemical structures (Belford & Gupta, 2019; Bucholtz &
Stephens, 2018).

2.4 Prospect of InChI in chemical education

P. J. Karol stated in his paper published in the Journal of Chemical Education in 2018 that “InChl is used by
professional chemical database providers, publishers, chemistry software vendors, librarians, patent attorneys,
and information specialists.” and that “it is not and should not be the subject of any general chemistry exam
(Karol, 2018).” While Karol’s comments are still deemed valid in 2023, there have been some notable changes. The
increased availability of scientific data in the public domain has led to large-scale investments in data science
infrastructure from both public and private sectors, creating a huge demand for a new workforce equipped with
skill sets for data-intensive projects. In recognition of this demand, many colleges and universities introduced
data science degree programs at both undergraduate and graduate levels, typically involving multiple academic
units in various areas, such as computer science, mathematics, statistics, biology, medicine, pharmacy, finance,
and business.
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The chemical education community is also making various attempts to provide training opportunities in this
area. An example is the Cheminformatics OLCC, which was mentioned in this paper. Importantly, in 2023, the
American Chemical Society (ACS) recently approved its guidelines for accreditation of Bachelor’s degree pro-
grams, which gives a strong emphasis in data and analysis skills (https://www.acs.org/education/policies/acs-
approval-program/guidelines.html) (ACS, 2023). According to the new ACS guidelines, accredited schools should
introduce students to modern laboratory-record-keeping tools including laboratory information management
systems (LIMS) and electronic laboratory notebooks (ELNs). In addition, the guidelines also suggest three markers
of excellence in the data and analysis skills area:

— understanding of data compliance and integrity issues within a regulatory context.
— appropriate documentation, data analysis, and data management skills.
— programming skills.

Considering all these recent changes, data science training and education opportunities for chemistry majors are
expected to become more popular. Inevitably, students will more likely be introduced to InChl, because it is a
molecular representation standard used by major information resources. Of course, because InChl is a very
specialized topic, it will still not be appropriate to teach in lower undergraduate classes, as pointed out by Karol.
Rather, most courses covering InChI will be elective or special topics courses for upper-undergraduate and
graduate students.

3 What is the InChI OER and why is it valuable?

There are several advantages to using OERs to add a discussion of InChls to a traditional course. If the course
textbook does not include a discussion of InChls, the instructor can include as much information as he or she
wishes by adding (and editing as needed) one or more OERs. If the topic is covered in the textbook, the OERs can
allow the instructor to include alternative approaches to the topic. This does not increase the cost to the students,
and students can access this information even after they have completed the course. Unlike a hardbound
texthook, OERs are easy to expand, correct, or modify.

As mentioned in the Introduction, the InChl OER (https://www.inchi-trust.org/oer/) is a community-based
OER, and is built on the WordPress Web 2.0 CMS. It is integrated into the InChI-Trust website (https://www.inchi-
trust.org) and can be accessed through the “RESOURCES” tab on the Trust’s website (Figure 6). The InChI OER is
being developed by an IUPAC Task Group (https://iupac.org/project/2018-012-3-024/) involving support through the
InChlI Trust, the IUPAC Committee on Publications and Cheminformatics Data Standards (https://iupac.org/body/
024/), the IUPAC Committee on Chemistry Education (https://iupac.org/body/050/) and IUPAC Division VIII,
Chemical Nomenclature and Structure Representation (https://iupac.org/body/800/). The InChI OER task group
consists predominantly of educators who are working with the Division VIII InChI Subcommittee and the InChI
Trust in an effort to bring about a greater awareness of InChI and its impact on the practice of science.

Like other Web 2.0 education instructional resource sites, the InChI OER allows people to share and find
resources. When content is uploaded to the OER it is tagged, and then those tags are exposed to the public as a
filter, which can then be used to find material within the site. In the InChI OER, there are two types of tag filters
(see Figure 7 and https://youtu.be/d5qsfUDnyZE). The first filters between OER and non-OER content, as there are

InchIT R U ST INCHI HOMEPAGE ABOUT THE INCHI STANDARD v ABOUT THE INCHI TRUST v
INCHI DOWNLOADS v

Figure 6: The “resources” tab on the header of the InChI trust webpage has a link to the InChI OER.
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CONTENT
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O Figure 7: The InChI OER tag filter
Dlisotopologues —when no tags are selected.

valuable non-OER publications related to InChl, which can be found by simply clicking the non-OER radio button
(clicking both gives you access to all content). The second filters content through the hierarchical InChI OER
Taxonomy.

3.1 InChI OER taxonomy

The InChI OER Taxonomy has 5 broad categories of tags and the web interface allows you to perform Boolean
“AND” searches of the content uploaded to the OER. Table 1 defines the current tags and a brief description of their
purpose, and as this is a dynamic web site we expect for the taxonomy and content to evolve over time.

When you click an item in the taxonomy filter, you get a page with information on that item. It includes a
direct link to the original source if the content is non-OER or published in an open-access journal. Otherwise, the
content is directly uploaded to the InChI Trust website and available to the public through the InChI OER (all
content directly uploaded to the site is OER).

When the InChI OER loads, you see a tag filter on the left and a display of hits on the right (Figure 7), and you
need to click the non-OER if you want to see all content cataloged by the site. By simply clicking the checkboxes of
the web interface you can perform a Boolean “AND” filter of multiple tags.

Figure 7 shows the tag filter before any tag has been chosen. Once you choose a tag, the filter adjusts to only
show papers with that tag, and the tags that are on those papers. Figure 8 shows there are currently nine items
that have the tag “Classroom Material”, and only papers that are tagged classroom material show in the filter.

When you further refine the filter by combining the tag “Classroom Material” with the tag “Organic” the filter
is reduced to three items that have been uploaded to the OER (Figure 9).

Choosing the content from Figure 8 titled “InChILayersExplorer”, the OER will bring up a page dedicated to
that specific resource (the spreadsheet in Figure 5). Depending on the resource, different items may be shown on

Table 1: InChI OER taxonomy used to categorize InChI OER items.

Category Description

Academic material  Information of relevance to different disciplines. The first tag is classroom material, which when combined with a
discipline can assist in finding material related to the discipline

Scientific Part of the goal of InChl is to advance digital nomenclature and thus support the advancement of scientific discovery.

applications Here we are identifying resources related to fourth paradigm science.

InChI applications ~ Many of these are actual topics of the IUPAC InChI subcommittee working groups and represent ways InChI is
advancing.

Content type This allows you to filter by content type, like spreadsheet or video.

Miscellaneous Useful tags that do not really fit the above categories.
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PUBLISHED TITLE/LINK CONTENT TYPE
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OERIRost 10/04/19 Chemistry Programming with Python - Retrieving InChi From PubChenm (Tutorial) OER
10/04/19 emistry Programming with Python - Convert a SMILE String to InChi Using ChemSpider (Tutoria
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Figure 10: The information box associated with the InChILayersExplorer. Note you can download the spreadsheet in Figure 5 from the third
field in the box.

the page, but all will have an information box (e.g., Figure 10 for the InChILayersExplorer). Some will contain links
to download files, while others may link to the original host that published the content. The last piece of
information, located at the bottom, includes the tags with which that material has been tagged. Clicking a tag will
pull up all other resources tagged with the same term.

For the long-term sustainability of the InChI OER project, the Zenodo InChI OER community page was created
to share important materials for the development and maintenance of InChl OER (https://zenodo.org/
communities/inchi-oer/). These materials include the source code used to create the InChlI OER website
(Cornell, 2023a), the InChI OER manuals for developers, content contributors, and users (Cornell, 2023b), and the
InChI OER taxonomy structure diagram (Cornell, 2023c).

3.2 Exemplar of the InChI OER: application to safety and the stockroom

In this section, we will look at how one can go to the InChI OER and learn how to create a Google Sheet that will
take your chemical stockroom inventory and connect it to PubChem Laboratory Chemical Safety Summaries
(LCSS) (https://pubchem.ncbi.nlm.nih.gov/lcss) (Kim et al., 2015). PubChem (https://pubchem.ncbi.nlm.nih.gov)
(Kim et al., 2023) is a public compound database and one of the largest “big data” repositories in the chemical
sciences, which has information on 115 million chemical compounds from 941 data sources as of October 2023
(https://pubchem.nchi.nlm.nih.gov/docs/statistics). PubChem aggregates data from multiple sources in a chemical
compound’s summary page and maintains the provenance of that data by linking to the original source. The
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1 benzene
2 [toluene
3 |alanine
4 L-alanine
5 |D-alanine
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7 |50 ml Erlenmeyer flask
8 2-aminopropanoic acid
9 P-XYFene Figure 11: Screen capture of the
10 |alanine Google Sheet
+ = InputChemicalsList ~ @ OrderedStockroom ~ B PubChembDat “ChemNames2L.CSS” showing

three tabs.

PubChem LCSS is a subset of the information contained in a chemical’s compound summary page focused on
hazard and safety information, as exemplified by the LCSS for Benzene (PubChem Compound ID 241):

https://pubchem.ncbi.nlm.nih.gov/compound/241#datasheet=LCSS

The PubChem LCSS is modeled after the format described in Prudent Practices in the Laboratory: Handling and
Management of Chemical Hazards by the National Academy of Science’s National Research Council (NRC, 2011).

Most chemists query the web for information through the search interface of their web browsers, but you can
also navigate the web through calls in a spreadsheet to an Application Program Interface (API). If one goes to the
InChI OER and selects the tags “Spreadsheet” and “Safety”, they filter the content for Google sheets related to
safety, where they can find and make a copy of “ChemNames2LCSS” sheet. This spreadsheet allows users to paste a
list of up to 1000 chemicals (think stockroom inventory) and instantly generate links to the LCSS of the chemicals.

Initially, when you load a list of words they are in red, which means there is no LCSS connected to that word
(Figure 11).

As the Google Sheet processes the list, some of the words turn black, meaning that the word is a unique
chemical and there is now an LCSS connected to that chemical (Figure 12). If the word becomes shaded it means it
is redundant to a name already linked and if it stays red, it is not identified as a chemical.

Copy of ChemNames2LCSS ¥ (o)

File Edit View Insert Format Data Tools Extensions Help Lasteditwas6m

~ o~ P 100% v £ % 0 .00 123w Al ~v 10 ~ B I S
Al 4 benzene
A

1 benzene

2 toluene

3 alanine

4

5 D-alanine

6

7 50 ml Erlenmeyer flask

8 | 2-aminopropanoic acid

190 pXylene Figure 12: The

InputChemicalsList after
+ = InputChemicalsList ~ B OrderedStockroom ~ B PubChembDat processing. Of the 10 entries,

only 6 are unique chemicals.
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If you click the “OrderedStockroom” tab you get a unique list of chemicals in alphabetical order with links to
the LCSS (Figure 13).

The question becomes, what was the role of the InChl in this endeavor? One of the first steps in processing
data is to clean it up, and for example, a stockroom inventory will have multiple listings of the same chemical,
along with content that may not be a chemical. If you look at the PubChemDataCollection tab (Figure 14), you see a
list of InChls (Column C), which would identify each unique chemical. The script used the InChI to identify the
unique chemicals, which were then sorted in alphabetical order and listed in the middle tab (Figure 13) with a link
to the PubChem LCSS. Note how Row 7 (Erlenmeyer flask) produced an error and could not be processed, and so
this item stayed red (Figure 12).

The use of InChl thus allowed us to identify redundant entries and synonyms, but as we will see in the next
section on the future of InChl, additional layers like the description of mixtures (MInChl) are also of critical
importance, as oftentimes the phase and concentration of a chemical influence its properties and safety concerns.
That is, the role of digital representation of chemicals is an ongoing endeavor of IUPAC and the InChI Trust, and
the layered nature of InChI allows continual development of its functions and features.

4 Future of InChI and the InChI OER

The extensible nature of the layered InChlI notation allows the development of new features and the IUPAC InChI
subcommittee in collaboration with the InChI Trust has multiple working groups devoted to developing features
that can enable InChl to better serve the needs of science in the digital age (Goodman et al., 2022). An overview of
the working groups can be found on the InChI Trust website (https://www.inchi-trust.org/inchi-working-groups).
If you are interested in contributing to any working group you can contact the chair of that working group, which
is posted on the InChI Trust website.
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The following lists some of the working groups that would be of interest to educators and some of the
resources available within the OER.

— Extended Stereochemistry (https://www.inchi-trust.org/extended-stereochemistry/): This group is seeking
to improve stereochemical handling. While InChI can describe stereochemistry well, continual improvement
is being made in various areas such as atropisomers and polyhedral stereochemistry for organometallics and
coordination compounds. Other representations such as Haworth and Fischer present challenges as InChl
are generated from molfiles.

— Extended Tautomers (https://www.inchi-trust.org/extended-tautomers/): InChI has a set of rules to predict and
resolve tautomers. This group has completed further development on rules to identify prototropic, valence, and
ring-chain tautomers (Dhaked et al.,, 2020) and is discussing how to incorporate these into version 2.

— Isotopologues (https://www.inchi-trust.org/isotopologues/): The focus of this group is to enhance the isotopic
layer to handle specific isotopologues, isotopomers, and partial isotopomers.

— Large Molecules (https://www.inchi-trust.org/large-molecules/): This group is searching for an approach to
allow for biologics using monomer-based, pseudo-atoms for non-standard InChl. By adding monomer sup-
port, biopolymer InChl can be reduced in complexity and length, making it possible to handle even larger
biological molecules. This would result in increases in speed for computation of large molecule InChl.

—  Markush Structures (https://www.inchi-trust.org/inchi-markush/): This project addresses the description of
variable structures by providing pseudo elements to mark a substitution point on a molecule corresponding
to traditional Markush structures. VInChl is a variable InChl where multiple InChI are compacted into a
single string describing how other molecules can be generated.

—  Mixtures (https://www.inchi-trust.org/mixtures/): The Mixtures InChI (MInChI) project (Clark et al., 2019)
defines a method to describe the chemical composition of a given mixed substance from an unambiguous
machine-readable linear notation that can be resolved into a list of unique components.

— Nanomaterials (https://www.inchi-trust.org/nanomaterials/): The NInChI project (Lynch et al., 2020) aims to
encode the composition, size, shape, and surface chemistry of nanomaterials/nanoforms. Since nano-
materials are particulates, these challenge traditional nomenclature limiting exchange of ideas between
scientists in academia, industry, and regulatory agencies.

— Organometallics (https://www.inchi-trust.org/organometallics/): This group is investigating how discon-
nection and connection code affects organometallic compounds (Clark, 2020).

— Reactions (https://www.inchi-trust.org/reactions/): The Reaction InChI (RInChl) (Grethe et al., 2018) allows
for a concise description of chemical reactions and facilitates the manipulation and analysis of reaction data.

— InChI QR Codes (https://www.inchi-trust.org/inchi-qr-codes/): This group is developing a QR code (2D bar
code) version of the InChl, called QRInChl, to provide a quick way to access chemical information (Frey et al.,
2022).

The InChI OER is maintained by the InChI Education working group and our hope is that it will grow as time
evolves and more resources relating InChl to education are generated. Lavoisier’s correlation of the interde-
pendence of the growth of science with its nomenclature is as true today as it was in 1790, and our goal with the
InChI OER is to help connect this new digital nomenclature to practicing scientists by making an open resource
where practitioners can find and share resources. Unlike most OERs devoted to providing curriculum instruc-
tional material on well established topics, the InChI OER is trying to provide a platform for this new evolving
nomenclature as it is being developed. If you wish to contribute content to the InChI OER, or participate in the
InChI Education working group, you should contact Professor Belford (rebelford@ualr.edu).

5 Conclusions

InChI is a chemical identifier that encodes chemical structure information into a hierarchically layered line
notation. Because InChl is open, non-proprietary, and freely available to everyone, it has been adopted in many
chemical information resources. In addition, because of its machine readability and interoperability, InChI is now
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commonly used to link identical chemical structures between different information resources that contain
millions of chemical structures.

The InChI OER aims to provide the public with InChlI-related training and education materials. Currently, it
contains over 120 items, collected from various resources, and the majority of them are freely available to the
public. The InChI OER provides an interface that uses a tag taxonomy to filter content and allow users to find
desired materials, as described in this paper. In addition, we demonstrated the use of InChI in a spreadsheet
program to automatically retrieve chemical safety information from a public database.
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