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Abstract. Research methods and procedures are core aspects of the re-
search process. Metadata focused on these components is critical to sup-
porting the FAIR principles, particularly reproducibility. The research
reported on in this paper presents a methodological framework for meta-
data documentation supporting the reproducibility of research producing
Metal Organic Frameworks (MOFs). The MOF case study involved nat-
ural language processing to extract key synthesis experiment information
from a corpus of research literature. Following, a classification activity
was performed by domain experts to identify entity-relation pairs. Re-
sults include: 1) a research framework for metadata design, 2) a metadata
schema that includes nine entities and two relationships for reporting
MOF synthesis experiments, and 3) a growing database of MOF synthe-
sis reports structured by our metadata scheme. The metadata schema
is intended to support discovery and reproducibility of metal-organic
framework research and the FAIR principles. The paper provides back-
ground information, identifies the research goals and objectives, research
design, results, a discussion, and the conclusion.

Keywords: FAIR,Research Reproducibility, Experiment Metadata, Metal-
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1 Introduction

Metadata has been a key component of scientific research and data management
even in the analog world. The significance of metadata has expanded with the
growth in digital and networked technologies, data-driven science, and the evo-
lution of data science and AI. This importance is central to the development
and implementation of the FAIR principles, which are reviewed below. FAIR
principles, together with open science, open data, and data sharing have also
helped to highlight new metadata needs. One area in particular, is the need for
metadata that specifically records research methods and procedures.
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Metadata developments have emphasized resource discovery, access, and use,
and aspects of provenance tracking and linking, interconnected with the linked
data and the Semantic Web. Research methods follow general procedural frame-
works, with some more specific than others. In the sciences research experiments,
particularly those in the laboratory, are generally recorded in analog or digital
lab notebooks. While an individual lab may have a recommended protocol or
examples for reporting the experiment procedure, individual guidelines are over
generalized or absent when researchers publish their results in scientific articles.
Standardization in reporting of experimental research procedures in scientific
publications is necessary to support reproducibility. The research presented in
this paper considers this need with a specific materials science research case
for the production of Metal Organic Framework (MOFs), which are produced
through synthesis experiments.

The paper sections that follow provide background information on FAIR
metadata for scientific research, metadata for research methods and procedures,
and the MOF case. Next, the research goals, objectives, and research design and
framework for identifying key MOF metadata entities is presented, followed by
the results, a discussion, and, the conclusion.

2 FAIR Metadata for Scientific Research

Metadata is essential for supporting the FAIR principles [32], and making re-
search data Findable, Accessible, Interoperable and Reusable. The goals em-
bodied in the FAIR principles have been key to the open science [17, 27] and
open data/data sharing movements [30], even prior to the publication wide-
spread global adoption of these principles. The FAIR principles along with good
data management practices explain, in part, the wide availability of metadata
standards for scientific research data. Key examples of globally used metadata
standards for research data include the Data Document Initiative (DDI) [25, 4]
for social science research data, the Darwin Core (DwC) [31, 3] for museum speci-
mens, and the Ecological Metadata Language (EML) [9, 7] for ecological research
data. The Digital Curation Centre’s (DCC) Disciplinary Metadata directory [6],
and the Metadata Standards Catalog [19] provide information on and links to
these metadata standards (DDI, DwC, and EML) along with many other data-
focused metadata standards. In addition to these disciplinary-wide directories,
there are agency/domain focused initiatives, such as the United States Geologi-
cal Survey (USGS) Metadata Creation guidelines [8, 33] and the United Nations
Food and Agriculture (UNFAO) vocabulary services [28, 10]. These domain fo-
cused examples provide access to a suite of resources and tools to guide metadata
generation and verification for research data and other digital resources.

The spectrum of metadata standards for scientific research further includes
an array of value standards (e.g., ontologies, taxonomies, vocabularies), and
metadata applied to other aspects of a research undertaking, such as metadata
reflecting access/usage rights [12], metadata for physical samples [5], or even re-
search instrumentation and software [20, 26, 15]. And, finally, we cannot overlook
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the core component of scientific research metadata, specifically the well-known
metadata that represents the entities associated with a publication citation,
such as author name(s), title, publication date, persistent identifier (e.g., DOI)
and metadata representing other publication properties. This associated meta-
data is critical for research databases, citation indexes, and supporting FAIR.
Overall, while the availability of metadata standards and metadata generation
approaches for documenting scientific research has rapidly advanced over the last
two decades, it’s clear that less attention has been given to metadata specifically
documenting the research methods and underlying procedures. This limitation
motivates the work presented in this paper.

3 Metadata for Research Methods and Procedures: A

Case for MOFs

Research is the drive for knowledge discovery. Research is shaped by the scien-
tific method, with the goal that research should be verifiable [2]. Researchers
pursue new knowledge by asking questions, testing hypotheses, measurement,
experimentation, and other mechanisms. The field of research is shaped by re-
search methods and procedures. Among commonly taught textbook methods are
surveys, interviews, observational studies, anthropological approaches, and ex-
perimental design. Each of these methods involve a set of prescribed steps, and
researchers frequently pursue mixed or multi-method approaches. For example,
some researchers will provide details, indicating the steps, whereas others may
tend to report the procedures at a more general level.

Research has emphasized the need for more explicit metadata standards tar-
geting research methods. For example, Chao [1] sought to identify metadata
properties used to record methods across a set of eight schemes frequently used
for reporting scientific research. Her results show explicit and implicit aspects,
with four schemes having a mechanism for recording methods. Among this set,
only DDI and ThermoML (TML), indicated that the methods-related metadata
properties were mandatory. Researchers focusing on paradata [14], provenance
and pipelines [13], and reproducible computational research [16] underscore the
importance of metadata in this area. Additionally, some research journals pro-
vide more concrete guidelines on reporting research procedures, although such
guidelines are not an o�cial standard, they provide a framework. To this end,
some researchers also publish supplemental material that provides detail on the
procedures.

The developments highlighted here and Chao’s work, in particular, point to
an interest in standardization of research reporting. This need has is an impor-
tant goal for materials scientists working in the area of Metal Organic Frame-
works (MOFs), the research area that presents the case for the work reported
on in this research.

Metal Organic Frameworks (MOFs) materials are a type of crystalline mate-
rials with open porous architectures with a predetermined structure [34]. MOFs
present an important class of materials as they have shown significant potential
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in various applications such as CO2 emission, catalysis and drug delivery. The
large number of publications in the MOF area shows the diversity of research
approaches. In addition, given the complexity of design space of MOF mate-
rials, a significant di↵erence appears among synthesis experiment reports from
researchers. Since no specific standards for experiment reports exist, the details
from MOF synthesis experiments are not consistently reported. For example,
some synthesis reports can be more detail-driven whereas some are more gen-
eralized; also, experimentalists could include di↵erent types of details in their
reports. The current state of reporting severely limits researchers’ abilities to
achieve FAIR, particularly reproducibility, and motivates research to our goal
to identify key metadata entities for standardizing MOF synthesis experiment
reporting.

4 Research Goals

The goal of this study is to identify key metadata components to facilitate ex-
periment reporting, using Metal-Organic Framework (MOFs) as a case study.
We present this work as a case study in that the results can contribute to larger
arena of reporting scientific research. In this paper, we report our framework to
design a metadata standard that structures synthesis experiments reported in
research articles. As a result, this “codification” of synthesis recipes is beneficial
to support discovery and reproducibility of metal-organic framework materials.

To achieve this goal, we identified the following objectives:

– What are the key components in a synthesis experiment?
– How to quantify the key components by pairs of entities and relations?

5 Research Design and Framework

We pursued the MOF case study method using natural language processing and
interviews to gather domain expert feedback to develop the framework for meta-
data standard for MOFs synthesis experiment. Overall, our framework contains
four main steps:

– Identifying key components in MOF synthesis experiments and initialize
metadata design

– Gather corpus of research articles and filter paragraphs related to synthesis
procedure

– Apply the initial design of metadata to filtered synthesis paragraphs and
send to domain experts for assessment

– Modification of metadata structure based on the feedbacks from domain
experts Detailed description of each step is shown below.
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(a) An example of MOF synthesis procedure

(b) Metadata Design to Describe Synthesis Experiment for MOF ma-
terials

Fig. 1: Identifying key components in MOF synthesis experiments and initialize
metadata design
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5.1 Identifying key components in MOF synthesis experiments and

initialize metadata design

We conducted qualitative analysis to gain better understanding of domain-
specific needs in order to design the metadata. Namely, we performed the fol-
lowing two steps: first, we reviewed previously established research about MOF
article text mining [11, 24]; second, we arranged interviews with materials sci-
entists to identify the critical components in synthesis experiments. Based on
the results of two steps above, we quantified the synthesis procedure using the
metadata structure demonstrated in figure 1. Figure 1a is an example of a real
synthesis procedure to create a MOF material. Based on the findings from liter-
ature review and interviews with domain scientists, we quantify such synthesis
procedure as a sequence of actions associated with specific attributes. The design
of metadata is shown in figure 1b: the whole synthesis experiment is linked by
synthesis actions (e.g., ultrasonicate, cool, dry), and specific details (e.g., acids,
chemical composition/precursors, numerical values) are associated with actions.
To this end, we design our metadata for synthesis reports as a set of entities
linked by a set of relations. An initial list of key entity types is determined.
We identified entity types that appeared in previous studies and incorporated
them into our metadata design. The following entity types are included in the
initial list: chemical composition(i.e., precursors), synthesis action and numeric
descriptor.

In addition to the entity types, we also defined two relation types to link pairs
of entities: (1) has value and (2) associated with. The entity relation pair plays
an important role in the synthesis procedure of metal-organic frameworks. It can
indicate links between two di↵erent entities; for example, when several synthesis
actions (e.g., cooled, heated, ultrasonicated) and some descriptors (e.g., room
temperature, 2 hours) are identified, we can link actions with their corresponding
descriptor explicitly by assigning relations between them (e.g., cooled under
room temperature). In this step, we initialized a list of entity and relation types
to describe synthesis data.

5.2 Gather corpus of research articles and filter paragraphs related

to synthesis procedure

After initializing our metadata to describe synthesis experiments, the next step
will be to assess the initial design and make further modification. To this end,
we decided to apply our initial metadata design to synthesis experiments re-
ported in di↵erent research articles. To gather such a corpus consisting of MOF
synthesis experiments, we collected 215,866 full research articles from the Amer-
ican Chemical Society (ACS) that are categorized under materials science study.
Then we filtered MOF-related articles by matching their DOI numbers to DOIs
listed in the Cambridge Structural Database (CSD), which is a major database
registering crustal structures like MOFs.

After finding MOF articles, we performed the following two steps using GPT
(Generative Pre-trained Transformers) models: (1) we built a text classification
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Fig. 2: An Example of Used Prompt for Named Entity Recognition

model based on a few manually annotated examples to identify specific para-
graphs that describe the synthesis procedure, then (2) we used prompt and
completion to fine-tune GPT model for named entity recognition based on the
initial metadata design. We selected GPT model Curie to perform the namend
entity recognition. To fine-tune the Curie GPT model, we applied prompt en-
gineering based on the manually annotated examples. The above process was
handled by OpenAI API[22]. An example of prompt and completion structure
of the learning process is demonstrated in figure 2. Among all MOF-related
articles, 2796 synthesis paragraphs were identified.

5.3 Send sample paragraphs to domain experts for initial

assessment

Among synthesis paragraphs collected above, 15 paragraphs were randomly se-
lected and sent to domain scientists to perform a first round assessment of the
metadata schema. Two domain scientists were asked to annotate the 15 synthesis
reports based on the metadata designed above. During the annotation process,
they need to provide answers to the following questions:

– Is current metadata able to include all important information described in
the experiment report?

– If the current metadata does not capture all critical information from the
synthesis steps, what should we add to the metadata?

– Does current metadata design contain redundant components? If yes, then
what should we remove from current metadata design?

During the annotation process, domain scientists recorded entity types that
they believe worth incorporating into the schema. The annotation procedure
was performed on a software tool called Doccano. Figure 3 provides a visualized
example of synthesis report annotation based on our metadata design.

5.4 Further Modification based on Experts’ Feedback

We analyzed the 15 annotated paragraphs and arranged follow up discussion with
domain scientists. Based on this first-round annotation, our domain scientists
suggested that all components in the current metadata design are important
and hence should be kept. However, the current metadata design is not su�cient
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Fig. 3: An Example of Annotated Paragraph about MOF Synthesis based on our
Metadata Schema

to capture all critical information from a synthesis procedure. In this way, we
incorporated new entity types suggested by scientists to our metadata schema.
The following three entity types were added: 1) Vessel 2) MOF structure and 3)
Acid.

6 Results: Current Progress and Future Work

Having observed these disparities in MOF experiment reporting above, we no-
ticed an urge to standardize these unstructured yet very valuable synthesis re-
ports. To this end, we address this need by providing the following three out-
puts: (1) a research framework for metadata design, (2) a metadata schema that
includes nine entities and two relationships for reporting MOF synthesis experi-
ments, and (3) a growing database of MOF synthesis reports structured by our
metadata scheme.

In order to better adapt our framework to broader scientific experiment areas,
we generalized our proposed research framework in section 5 and proposed a
general framework for experimental metadata design. As demonstrated in Figure
4, our research framework with human-in-the-loop can be generalized to four
main steps: (1) key component identification, (2) underlying data collection,
(3) applying designed metadata to the underlying data and (4) assessment on
designed metadata and further modification.

While designing a metadata to describe experimental data, identifying key
components in the target underlying data is the first step. The initial design of
metadata for scientific experiments can be done by conducting literature review
of previous established literature and obtaining knowledge from human experts.
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Fig. 4: A Generalized Framework for Designing Metadata for Scientific Experi-
ments

Then it is important to test our metadata design by mapping it to collected
target experimental data. Finally, domain experts will jump in again at the final
assessment of metadata design and make further modification on the design if
needed.

As a result of the Metal-Organic Framework case study, our final design of
metadata for MOF synthesis experiment is shown in figure 5 as follows. Over-
all, we defined nine entities in hierarchical level: We have precursors, synthesis
actions, acid, vessel, descriptor and resulted mof chemical composition as main
entity types; the entity type “precursor” also has three following sub entity types:
metal precursor, organic precursor and solvent precursor.

From May through August 2023, domain experts engaged in manually anno-
tating 80 synthesis paragraphs based on the metadata schema reported in this
paper. The annotated paragraphs are stored as a database of MOF materials
synthesis experiments and each synthesized MOF structure is linked to its cor-
responding research article. In the near future, one work priority is to expand
our synthesis database tagged by the above metadata standard. To apply our
metadata design to a large amount of synthesis reports, we are conducting exper-
iments on using generative AI models and 80 annotated reports as training data
to perform automatic semantic labeling to the rest of 2000+ synthesis reports.

7 Discussion

The need of structuring scientific experiment reports has gained increasing at-
tention across various research communities [29, 21, 18]. There’s even interest
amongst publishers. This especially holds true for the metal-organic framework
studies[23, 24]: due to the complex design space of metal-organic framework ma-
terials, the way experimentalists describe their synthesis procedures significantly
varies from each other. Other than the di↵erence in writing style, they also tend
to report di↵erent sets of aspects related to the synthesis experiment. As re-
ported in the results, not all experimentalists report the type of vessels used in
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Fig. 5: Overall Metadata Design for MOF Synthesis Experiments

the synthesis procedure: some researchers believe vessels used during the exper-
iment could make a di↵erence in the final output, whereas some researchers do
not think it would matter. Similarly, there is also a di↵erence in the scope of
reports, where some experiment reports are more detail-driven and some reports
are more generalized.

Overall, this study on metadata design for MOF experimental data is bene-
ficial to the broader research community – our framework for metadata design
can be adapted to di↵erent scientific research areas.The growing MOF synthesis
database structured by our metadata schema has high potential for multiple as-
pects, such as synthesis information retrieval, synthesis design and it ultimately
helps the reproducibility of synthesis experiments.

This study is not without limitations. While initializing our metadata design
for MOF experimental data, we interviewed four material scientists studying
metal-organic framework structures. Three MOF experts were on the experi-
mental side and one MOF expert was on the computational side. However, there
are many more scientists conducting research in the MOF area and we plan for
further assessment of the initial entity set. In this way, this study can be limited
in terms of the scope of human expert interviews.

8 Conclusion

In this paper, we identified the need to structure scientific experiment reports
and conducted a case study on Metal-Organic Framework studies. We address
this need by providing a research framework to design experimental metadata
and a growing database for MOF synthesis reports structured by our designed
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metadata schema. The resulting metadata schema for MOF synthesis experi-
ments can be beneficial to facilitate MOF material discovery. The database will
be further expanded by leveraging large pre-trained language models for auto-
matic semantic labeling in the short future.
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