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Abstract—This paper presents a detailed analysis of a newly developed system for the identification of nano-
materials and nanostructures of an arbitrary nature. The system has been created as a result of the joint work
of the Committee on Data for Science and Technology (CODATA) and the International Council for Sci-
ence (ICSI). It is shown that at its core the developed system is an extended set of metadata that reflect the
conceptual framework of a scientific discipline. Their features include a wide coverage of the sum of the prop-
erties and characteristics, as well as the possibility of adding new headings, i.e., support for the evolution of
the conceptual scheme that meets the requirements of the subject field. Limitations in the possibilities of the
representation of certain categories of nanomaterials, especially of macroscopic objects, are found. It is
shown that it is possible to overcome them by the active use of existing ontologies in the field of materials sci-

ence.
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INTRODUCTION

Metadata (MD), or in other words, “data about
data,” are an indispensable attribute of any informa-
tion storage, from traditional libraries to computer
databases, Web-portals, and social networks. A more
precise definition that was given in [1] treats metadata
as “the key to understanding the content of an infor-
mation system that provides identification, classifica-
tion, positioning, integration, and interpretation of
information.” In the normal practice of libraries or
archives metadata describe the resource by providing
its address in the repository or online, information on
the authors and publishers, search indexes, etc. The
role and significance of metadata increase sharply dur-
ing the transition to scientific databases (DB). In par-
ticular, in the areas where the collection, processing,
and exchange of data constitute the main part of the
workflow, for example, in bio- and geoinformatics, cli-
mate research, and astronomical observations. In this
case, the metadata structure, which is not limited to
the bibliographic description, includes a set of
attributes that are specific to the respective discipline
that allows DB users to conduct highly targeted
searches and allows the creators to effectively
exchange data with thematically similar resources.
There is a vast depository (www.dcc.ac.uk/), where
metadata standards for a variety of disciplines, from
astronomy to medicine and agriculture, are presented.
As a rule, these standards define the information
domain model that combines general information (the
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name and participants of the study, its timeframe,
access conditions, formats and addresses of data sets,
etc.) with metadata that provide details on the subject
and method of study. Typical attributes that reveal the
scientific content of data include the information
about their origin (experiment, observation, and mod-
eling), quality and uncertainty, measurement units,
and nomenclature of objects, their properties, and
states.

Many of these concepts can be determined by the
reference to the corresponding position in the qualifi-
ers or controlled vocabularies on the network. Thus, in
chemistry the substance name can be determined by
referring to a unique identifier, viz., a CAS Registry
number that eliminates the ambiguity of synonyms
and language differences. The reference to the IUPAC
Compendium of Chemical Terminology [2] included
in the metadata makes it possible to accurately identify
almost all chemical terms and concepts that are asso-
ciated with the structure and properties of matter,
reaction mechanisms, etc. As an example, a reference
to the URL http://goldbook.iupac.org/R05396.html
uniquely defines the term ring-opening polymerization.
A clear selection of terms by the reference to the
appropriate dictionary eliminates the arbitrariness and
ambiguity in interpretation while providing the use of
software agents in the search for data and interpreta-
tion of concepts [3].

In [4], the authors analyzed the rich opportunities
that are provided by metadata accompanied by a cer-
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tain category of data on the properties of substances
and materials. For the thermophysical properties of
substances the corresponding system of metadata was
developed in the form of ThermoML, which is a sub-
ject-oriented version of the XML language [5]. The
proposed multi-level hierarchy of metadata made it
possible to formulate the basis of the conceptual
model, which includes the entire range of objects,
their properties, phase states, methods of measure-
ment and purification of samples, types of uncertainty,
etc. The system can describe the data for more than
120 thermophysical properties from tables or analyti-
cal presentation forms and different data statuses
(experimental, computational, and reference). Pure
substances and mixtures of constant composition, as
well as chemical and phase reactions, can be consid-
ered as objects. A detailed scheme of data presentation
was developed that is now available online [6]. A similar
scheme of the XML language is proposed for the repre-
sentation and exchange of data in the field of materials
science (MatML language [7]), the structure of which is
filled with references to production conditions, tech-
nologies, and test methods.

Naturally, the extension of metadata tools to nano-
technology is planned given the unprecedented scale of
this discipline and the increased information flow in the
form of publications, databases, Web-portals, etc. asso-
ciated with it. However, a number of problems arise
when trying to systematize these data. These problems
are caused by the subject specificity and its place in the
common system of scientific and engineering knowl-
edge. The analysis that has been carried out in a number
of studies [8—10] has revealed an entire range of features
that are related to nanomaterials:

(1) the breadth and fuzzy boundaries of the domain
with the integration of many fields of physics, chemis-
try, biomedicine, etc.

(2) the rapid evolution of the discipline followed by
the emergence of new materials, devices, as well as the
introduction of new concepts and features.

(3) the multifactorial description of the nature of
objects (nanomaterials, devices, etc.) with the involve-
ment of a large set of parameters that determine struc-
ture, composition, morphology, and other features.

(4) the relationship of the nomenclature of proper-
ties and nanomaterial class and the combination of
molecular and macroscopic characteristics in the
nomenclature.

As a result, the classification of data on nanomate-
rials is much superior to the knowledge that has been
generated in the traditional areas, such as in materials
science and chemistry in terms of the complexity of
classification. Repeated attempts to develop nano-
technology classifiers [9] have depended on a narrow
segment and a limited objective (e.g., the rubrication
of the Federal portal (www.nanoportal.ru)), and usu-
ally quickly lagged behind the current state of the
domain. In order to resolve the problems that signifi-
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cantly hinder its development, international efforts
have been undertaken by the Committee on Data for
Science and Technology (CODATA) and the Interna-
tional Council for Science (ICSI), which created a
special working group aimed at the development of
general recommendations that are suitable for a wide
range of experts. The objectives and principles of this
work were described in [10, 11]. As a result, in 2015 a
document entitled the Uniform Description System
(UDS) was developed [12]. It is intended to provide a
universal approach to the description of both nanoma-
terials themselves and their properties, production
technologies, certification, technical documentation,
etc. The UDS is designed to incorporate uniqueness in
the definition of nanomaterials during their character-
ization, i.e., to reliably select one of the objects from
the set of objects close to it in terms of properties or to
confirm the identity of objects with regard to a set of
attributes: size and shape, structure and chemical
nature, surface state, synthesis conditions, etc.

In fact, the proposed document forms the meta-
data system, although it does not have their formal
characteristics, such as an XML schema or ontology. It
has the form of a text document for a multilevel (and
multidimensional) questionnaire, so that a set of
answers to questions posed to the expert gave a com-
plete picture of the in accordance the conceptual
scheme that was taken as a basis. Two aspects distin-
guish this system from similar ones [13, 14]: the max-
imum coverage of the entire set of properties and fea-
tures and the ability to add new headings to the system,
i.e., the support of the evolution of the conceptual
scheme, which gives hope that most of the data sys-
tematization problems will be solved.

In this paper, upon detailed examination of the
metadata system features we will try to define three
issues: (1) how full and adequate the proposed supply
system is, (2) the areas in which the work on the
detailization and expansion of the system should be
conducted, and (3) how to bring the system to the for-
malization level that meets the used metadata stan-
dards. Note that the UDS authors themselves see their
system as a possible basis for the formation of the
scheme of a DB or ontology and avoid their actual
construction at this stage.

THE UDS LOGICAL STRUCTURE
AND FORMAL IDENTIFICATION
OF NANOMATERIALS

Like most metadata systems, the proposed descrip-
tion is constructed as a hierarchy of relevant informa-
tion units called categories. Four top-level categories
(Fig. 1) should provide the maximum completeness of
the data that is necessary for a unique and comprehen-
sive representation of nanomaterials. The first of these
(General Identifiers) gives a formal definition of the
material, including the assignment of names to this
material and their assignment to the selected headings
Vol. 42
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Fig. 1. The hierarchy of the main categories in the UDS [12].

of the classification scheme. This is the simplest iden-
tification level that does not affect the physical charac-
teristics of an object and information about its produc-
tion. The most complete identification is given by the
second category (Characterization), in which all the
items that are required for the discovery of information
about the properties (the shape and size, chemical
composition, internal and surface structure, etc.) are
listed in detail. This set of data should provide an
unambiguous selection of the described object from
the set of other objects with a related structure. The
last two categories (Production and Specification)
cover all of the aspects that are related to the manufac-
ture and supply of material to the market.

Each of these categories gives rise to the next level
category (or subcategory). Thus, the first category
General Identifies (see Fig. 1) is divided into four sub-
categories that correspond to different types of naming
and classification of nanomaterials, while the category
Characterization is divided into three subcategories
according to its possible types. At the next level, cate-
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gories that cover the physical characteristics of a mate-
rial (shape and size, chemical composition, etc.) are
introduced. A set of these characteristics (i.e., the
characterization method) depends on the material
type, which confirms the relationship between the
nomenclature of properties and the nanomaterial
class, as noted in the Introduction of this paper.

The lowest level of the hierarchy is represented by
the so-called descriptors, i.e., the metadata that reveal
the content of the result of measurements or calcula-
tions of corresponding characteristics with a descrip-
tor that defines the data representation format as well:
numeric (integer and float) or text (string). For exam-
ple, in order to characterize the form of a nano-object
(particle, cluster, nanotube, etc.), descriptors are nec-
essary, viz., the number of measurements on the nanos-
cale or the number of layers, which are defined by inte-
gers, such as the general title of a form or a geometric
regularity that assume a free text format. Obviously,
descriptors that refer to the categories Production and
Specification correspond not to physical characteris-
No. 4
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Fig. 2. The schematic view of a typical ensemble of nano-objects, the structure called a peapod.

tics but to technologies or documents. For example,
the details of the technology are revealed by such
descriptors as the number of components (belongs to
the category Source materials), General Description
(belongs to the category Production Methods) or tem-
perature and pressure (belongs to the category Condi-
tions). The first two of these descriptors require data in
the text format and the next two require data in the
numeric format with a floating point.

If the hierarchy of categories and subcategories
structures the subject field by forming its conceptual
scheme, at the level of descriptors it is possible to
implement one of the most important metadata
requirements that arise from the nature of nanomate-
rials, i.e., the need for a permanent adjustment related
to the selection of a particular class and formulated
tasks: basic research, the development of a commer-
cial product, production technology, toxicology and
environmental assessment, etc. Therefore, as noted in
[12] in the general case the use of all descriptors is not
required and their selection depends on the need for
specific data. However, with the advent of new materi-
als and methods for their production, as well as new
features and events it can be necessary to expand the
metadata system with new descriptors.

Typology of nanomaterials. As can be seen from
Fig. 1, the metadata structure is associated with a spe-
cific agreement (the so-called nano-tree) that was
adopted by the ISO in order to systematize the entire
world of nanostructures [15]. In this agreement, the
basic concept is a nanomaterial, which can be in one
of two forms: nano-object and nanostructured mate-
rial. The first form includes objects with at least one
size corresponding to the nanoscale (up to 100 nm),
and macroscopic objects whose internal or surface
structures correspond to nanoscale refer to the second
form. The authors of [12] added to nano-objects their
ensembles/collections that are formed intentionally or
accidentally. Thus, the ensemble corresponds to the
same definition as the nano-object, i.e., it has from
one to three sizes in the nanoscale. Examples of such
objects are the so-called peapods that are formed by
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filling the inside of a carbon nanotube (CNT) with
several fullerene molecules, Cg, or C;, (Fig. 2).

Another change that was made in the nanomaterial
systematics is associated with bulk materials; it is
believed that they can be divided into two subclasses
(see Fig. 1). The first subclass includes materials that
contain identifiable nano-objects and the materials
that exhibit a size effect because of the nano-sized
internal or surface structure refer to the second one.
Examples of materials of the first subclass are nano-
composites (e.g., a polymer with CNT inclusions) and
of the second, nanostructured steels or ceramics.

The scheme in Fig. 1 captures only three basic
types of nanomaterials but not their further division
into more specific classes according to the shape,
composition, etc., as was done in the ISO document
[15]. This problem is solved by category General Iden-
tifiers.

Formal Identification of a Nanomaterial. The cate-
gory General Identifiers includes the possible names of
a nanomaterial and its assignment to a particular clas-
sification scheme. As an example, it is sufficient to
assign one of the most common abbreviations (CNT)
to popular objects (carbon nanotubes) and attribute
them to the heading 1.1.2 Linear nanostructures of the
scientific heading list on the federal site Nanotechnol-
ogy and Nanomaterials (www.portalnano.ru). In the
UDS both tasks (naming and classification) are solved
at two levels: arbitrary and in agreement with certain
standards. It is proposed to use any English name that
is encountered in the literature or their combination as
an arbitrary name. For the cited example with carbon
nanotubes these can be CNT and SWCNT.

As for the standardized name, in this case, as in
chemistry, public classifiers should be used. In chem-
istry, in order to identify the substance, it is possible to
refer to one of the most common classifications, such
as the register of the Chemical Abstract Service, and
the registers of basic reference books, viz., Beilstein for
organic and Gmelin for inorganic substances. For
nanomaterials the possibilities of such an identifica-
tion are already limited because the discipline is quite
Vol. 42
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Table 1. The system of nanomaterials in the UDS, which was borrowed from the ISO document [15]

Nano-objects

Nanostructured materials

3D 2D 1D
Nanoparticle Nanofiber Nanoplate Nanopowder
Quantum dot Nanotube Nanocomposite
Onion Nanorod Solid nanofoam
Nanowire Nanoporous nanomaterial

Nanofluid
Nanoaerosol
Nanostructured particle

new. In particular, these registers include only the
nanostructures that can be determined by conven-
tional chemical formulas, such as Cg, or C,.

A relatively wide range of nanomaterials is
recorded in the chemical DB ChEBI [16], in which
they are presented similar to conventional com-
pounds. Each of the nanostructures is determined by a
five-digit index, which can be used as a standardized
name. For example, the index CHEBI:50796 deter-
mines nanotubes and CHEBI:50853 identifies quan-
tum dots. A similar function can be assigned to the
ontology NPO [13], which covers a larger list of nano-
materials, albeit with a bias towards medical and bio-
logical applications. Each object in this ontology is
defined by the ID of the type of NPO_***; for exam-
ple, NPO_606 determines CNT, and NPO_ 395 refers
to a nanoparticle with a drug molecule embedded in its
structure. The disadvantage of both systems is that
they do not contain bulk nanomaterials (composites,
powders, nanofluids, etc.), on which most of the tech-
nologies and devices are based.

The limited possibilities for the accurate naming of
a nanomaterial compensate for its “embedding” in a

classification scheme.l As is the case with names arbi-
trary schemas along with some classifications assigned
by an authority may be usable. As a rule, an arbitrary
classification is based on one of the physical character-
istics of nanomaterials: topology, composition, mani-
festation of quantum effects, etc. Thus, the authors of
[8,9, 17] used a detailed classification based on topo-
logical features, when the number of measurements K
= 0—3 at the macroscopic scale is taken as a basis. The
value of K = 0 corresponds to the cluster and K = 3
corresponds to a macroscopic object in which the pre-
fix “nano” refers only to the structural element. Inter-
mediate values of K = 1, 2 correspond to one-dimen-
sional and two-dimensional structures in which the
macroscopic scale covers one or two dimensions (a
nanowire or film). If the elements that make up the

! This refers to the classifier of nanomaterials themselves, unlike
the entire scheme in Fig. 1, which also includes their properties
and production history.
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ensemble of nano-objects or bulk material are certified
in the same way, it is possible to obtain a simple “nano-
formula” of the type of KD{L, M, N}, where the indi-
ces L, M, and N refer to constituent elements of differ-
ent  types and the obvious inequality

K>max{L, M, N, ...} holds. Thus, it is possible to
classify not only nano-objects but also their ensem-
bles, which is given by the scheme in Fig. 1.

With regard to carbon nanomaterials, it has repeat-
edly been proposed to classify them by the hybridiza-
tion of the chemical bond, sp¥ index, where integer
values v =1, 2, 3 refer to the main allotropes of carbon
(carbyne, graphite, and diamond) and intermediate
ones that define mixed hybridization types cover many
carbon nanoforms [18].

The authors of [12] recommend the so-called
“nano-tree” that is presented in the ISO report [15] as
the standard classifier. The nanomaterials are distrib-
uted by “tree branches” via the set of attributes, of
which the topological attribute, the number of mea-
surements at the nanoscale, which ranges from 1 to 3,

is in first place.2 In the case of this classification prin-
ciple, clusters and nanoparticles have the dimension 3,
while a nanowire or nanotube has the dimension 2
(two nanosizes in section); finally, the dimension of a
film or graphene is 1 (one nanosize for the thickness).
Each of the groups that are defined by these dimen-
sions was divided into three subgroups: single-compo-
nent, multicomponent, and nanostructured. Some-
what changed elements of this hierarchy are proposed
in the UDS as a possible standard classifier. Changes
only occur in that the mentioned three subgroups are
brought to the top level, as shown in Fig. 1, and the
dimensional sign is applied only to nano-objects (see
Table 1, which shows typical nanomaterial groups).

Along with nano-tree that was recommended in the
UDS as arecognized classifier ( assigned by an author-

2 The separation of nanomaterials by the number of measure-
ments at the nanoscale does not coincide with the common
scale based on macroscopic measurements; in the latter case,
the cluster dimension is 0 and the nanowire dimension is 1, etc.
This classification was adopted in [8, 9, 17].

Vol. 42 No.4 2015
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Table 2. The set of headings that is used in the PACS to select complex structured nanostructures

PACS codes Complex nanostructures
81.07.Pr Organic-inorganic hybrid nanostructures
81.07.Lk Nanocontacts
78.67.Pt Multilayers; superlattices; photonic structures; metamaterials
78.67.Sc Nanoaggregates; nanocomposites
78.67.Ve Nanomicelles
63.22.Np Layered systems
62.23.St Complex nanostructures, including patterned or assembled structures

ity in the terminology of [12]), other classifiers can be
used, for example, an application for the PACS (Physics
& Astronomy Classification Scheme) (www.aip.org/
publishing/pacs/nano-supplement) described in
detail in [9]. Its advantage is that it covers a large num-
ber of nanomaterials in accordance with different
characteristics including complex structures such as
ensembles or nanoproducts (Table 2).

Finally, the DB ChEBI [16] that was proposed for
the naming of nanomaterials can be used to assign
them to a specific heading. Each of the headings,
depending on its place in the hierarchy, can act both as
an nanomaterial identifier and as the class that covers
the entire group of them, which is illustrated in Fig. 3,

which shows fragments of the hierarchy of nanotubes:
in the left side of the figure the code CHEBI:50796
defines the nanomaterial class that includes all of the
nanomaterials recorded below; their codes can be
regarded as standardized names. However, some of
them, such as CHEBI:50594 for a carbon nanotube,
can be considered as class identifiers and “subordi-
nate” ones, as nanomaterial identifiers, for example
CHEBI:50595 for single-walled carbon nanotubes.

Neither prepositional scheme can cover the entire
set of nanomaterials, including newly synthesized
ones. Therefore, the opportunities for its adjustment
for the subject field and the needs of the expert com-
munity that are provided for in the UDS are very

A CHEBL50796 nanotube

-\ CHEBI:50874 zinc oxide nanotube

- [\ CHEBI:50875 molybdenum disulfide nanotube
-\ CHEBI:50876 silicon nanotube

-\ CHEBI:50878 aluminium nitride nanotube

-\ CHEBI:50879 tin disulfide nanotube

- A\ CHEBI:50880 titanate nanotube

-\ CHEBI:50881 helical rosette nanotube

-\ CHEBI:52519 nitrogen-doped titanium dioxide nanotube

-\ CHEBI:50872 boron nitride nanotube

- A CHEBI:50873 titanium dioxide nanotube

~ A\ CHEBL:50877 tungsten disulfide nanotube

-\ CHEBI:51115 copper(2+) sulfide nanotube
-\ CHEBI:50594 carbon nanotube

~ [\ CHEBI 50808 nitrogen-doped carbon nanotube
~ A\ CHEBI:50809 boron-doped carbon nanotube

- A\ CHEBI:50810 boron-carbon-nitrogen nanotube

= |\ CHEBL:50594 carbon nanotube

A\ CHEBL:50595 single-walled carbon nanotube
-\ CHEBI: 50596 multi-walled carbon nanotube
{) CHEBI:50806 carbon nanotubosome

<) CHEBL. 50807 carbon nanorod

¢) CHEBI:50813 carbon nanorape
I\ CHEB:50797 double-walled carbon nanotube

Fig. 3. Fragments of the hierarchy of the nanomaterial from the DB ChEBI [16].
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Table 3. The categories and subcategories of the UDS that have been proposed to characterize individual nano-objects

sue | oShemiel [ oyt sucare | Cosalomphic | Sufoer
Shape Type Applicable Atomic Layered Physical General
Dimensions Composition Nano-Object Structure Surface
Identification Description
Shape Derived Molecular Shell Unit Cell Surface
Features Dimensions Composition Structure Information Treatment
Internal Chemical Physical Basic Unit Surface
Dimensions Moieties Features Cell Parameters Geometry
Defects Surface
Electronic
Properties
Entrapment Other
Surface
Properties
Additions

important. In [12] it was stated that a nanomaterial
cannot be identified by a simple name (or a set of
names), which distinguishes them from ordinary mol-
ecules. The solution to this problem, as previously
emphasized in [§—11], lies in collecting the maximum
amount of information on the properties and produc-
tion technology, which is provided by the UDS in a
systematized way.

IDENTIFICATION OF NANOMATERIALS
BY THE COMBINATION
OF PHYSICAL PROPERTIES

The main ideas of the multifactorial characteriza-
tion of nanomaterial were expressed by the UDS
authors in a report that was presented at the working
group that was held in 2012 in Paris under the auspices
ofthe ICSU and CODATA [11]. They proceeded from
the factors that determine the key differences of nano-
materials from traditional materials (steel, alloys,
ceramics, etc.): a large value of the surface/volume
ratio, differences in the electronic structure of the sur-
face and volume, quantum size effects; components
that “hang” on the surface, chemical reactivities when
comparing nanomaterials with the macroscopic ana-
log, the synthesis of a nanoform that was previously
unknown in the macrocosm (CNT, graphene, etc.),
the strong influence of small impurities, the self-
assembly of ordered nanostructures, and a heteroge-
neous structure at a small scale.

In addition to differences in the properties of nano-
materials, the authors of [12] took the diversity of the
disciplines that need to give a detailed description of
the nanomaterial and the problems that were solved
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into account: the design of the devices, prediction of
properties, toxicological and environmental assess-
ments, standards development, etc. The requirements
to the list of determining factors were formulated on
this basis. This list included only the factors that are
necessary for identification. Many of the important
nanomaterial properties (thermodynamic, electrical,
optical, etc.) were not taken into account, thus reduc-
ing the entire metadata volume to a reasonable mini-
mum. In accordance with the general metadata
scheme (Fig. 1), this list is different for individual
nano-objects, their ensembles (nanoproducts), and
macroscopic materials.

The structure of metadata for individual nano-
objects. Table 3 shows the final requirements for nano-
materials in the form of a hierarchy of categories that
determine nanomaterials by geometry (size and
shape), composition, physical characteristics, and
data about the surface. Certain aspects of each of the
characteristics have subcategories, for example, defin-
ing, on the one hand, the form type (cylinder, sphere,
etc.) and, on the other hand, its features. The next (the
lowest) level of the hierarchy is occupied by descrip-
tors that define the data element that was proposed by
an expert. The number of descriptors is sufficiently
large in accordance with the general requirement for
the multifactorial description of nanomaterials.
Simultaneously, each of the UDS descriptors has an
accurate definition that defines the content and format
of the input data. For example, Table 4 shows a set of
descriptors that are related to the shape and chemical
composition of nanomaterials.

In addition to two major formats (text and
numeric), the format called enumeration, where a data
Vol. 42
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Table 4. Descriptors that define the shape and chemical composition of nanomaterials

Shape Chemical Composition
. . Molecular Chemical
Shape Type Shape Features Atomic composition composition Moietics

Number of dimensions on nanos-
cale

Type of feature

Number of different
types of atom present

Number of different types
of molecule present

General shape

Regularity of feature

Atom present

Molecules present

ISO 229 shape name Number of feature Composition Molecular formula
percentage type

Specific shape Symmetry of feature | Composition Molecular name
percentage

Type of thickness of a nano-object

Type of composition

Structural formula

with one dimension at the nanos-
cale

Cross-sectional view for nano-
object with two dimensions at the
nanoscale

How measured

CAS Registry number

Number of layers (for nano-object
with two or three dimensions at
the nanoscale)

IUPAC InChl

Geometric regularity

Composition percentage
type

Shape symmetry

Composition percentage

Symmetry components

Type of composition

How measured

The list of descriptors in the subcategory Chemical Moieties (part or the functional group of the molecule) is identical to that given in

the subcategory Molecular Composition.

element is obtained from a limited list or an external
controlled vocabulary, is used in the UDS (although it
is not specifically stipulated). Thus, the ISO 229 Shape
name descriptor (Table 4) determines the form in
accordance with a list of five possible forms, viz., a
nanoparticle, nanorod, nanotube, nanoplate, and
nanocone, that were adopted in the ISO standard [16].
Similarly, when determining the composition of a
nano-object, names and designations of atoms are
specified in accordance with the periodic table and the
molecule is uniquely identify by a number from the
CAS registry. Other descriptors that use this format (in
Table 4 they are shaded darker) make it possible to
determine the component percentage (by mass or
number of particles), “composition type” (a separate
measurement, a calculated value, or the result of aver-
aging), and measurement method (the descriptor how
measured) from the list. This format appears to be very
effective for creating the details of the category Physi-
cal Structure. As an example, in order to reveal the
content of Physical Features, an a priori prepared list
of them was proposed (hole, protuberance/append-
age, end, cap, legs, etc.) that make it possible to reflect
the nano-object morphology.

SCIENTIFIC AND TECHNICAL INFORMATION PROCESSING

The enumeration format was widely used in Ther-
moML [5], a system of metadata for the representa-
tion of the thermal properties of materials that makes
it possible to fix the property type, phase state, meth-
ods of measurement and cleaning, data status, type of
uncertainty, etc. This format eliminates the arbitrari-
ness in the recording of data and reveals rich opportu-
nities in the machine processing in the search and jus-
tification of an inference. Note that the text format
(string) also does not always presuppose a free descrip-
tion, but it can follow strict rules as, for example, in
the recording of a molecular formula, name, and
structural formula that follow the accepted standard of
one of the public chemical DBs, for example, ChEBI
[16] or ChemSpider (www.chemspider.com). The
descriptor JTUPAC InChI contains a special type of
chemical data, the so-called linear notation, as a string
of characters that encode information about the struc-
ture and topology of the molecule.

A complete list of all of the descriptors is presented
in the text of the UDS guidelines at the IUPAC site
[12]). By the extension or modification of the list of
descriptors it is possible to fine fune metadata struc-
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Fig. 4. The hierarchy of categories and descriptors that define an ensemble of nano-objects.

tures for requirements that are caused by the charac-
teristics of objects or tasks.

Metadata structure for an ensemble of nano-
objects. As can be seen from the diagram in Fig. 4, the
metadata structure can be divided into three main
blocks: the ensemble composition, description of each
of its components, and description of the ensemble as
awhole. The composition is set almost the same as the
composition of the molecule, i.e., types of individual
nano-objects and their number in the ensemble are
specified. As an example, for the structure in Fig. 2 (a
peapod), the description should designate two types of
nano-objects (CNT and fullerene) in the quantity of
one CNT and four fullerene molecules. The next
block should describe each nano-object in accordance
with the predetermined structure (Table 3) along with
information on the production cycle. Finally, five cat-
egories (Physical Structure, Interfaces, Size Distribu-
tion, Stability, and Topology) represent different
aspects of the ensemble as a whole. The first of these
categories gives the general characteristics: the shape
and size, relative position of objects, their association,
etc. The category Interfaces includes a description of
the surfaces that separate the individual nano-objects,
their shape, dimension, regularity, etc. The majority of
the descriptors provide only a qualitative characteris-
tic. In contrast, descriptors of the category Size Distri-
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bution mainly involve numerical characteristics, while
the measurement method and the medium can be an
element of the classifier (enumeration format).

The category Stability determines the ensemble
stability with respect to the spontaneous decay or
external impact: thermal, chemical, etc. First, the
subcategory Overview sets the instability type from a
list and describes the decay expectancy. The following
subcategories reveal these instability types in detail.

Finally, the last category (Topology) in the interpre-
tation of the authors of [12] characterizes the coher-
ence and continuity of the ensemble that manifest
themselves in their influence on the properties.
Molecular biology provides an example, where the
object functionality depends on the homeomorphism,
i.e., on the ability of an object to continuously trans-
form into another one without gaps and binding. In
general, ensemble topology is quite a subtle concept
that can be revealed only on a qualitative level without
hierarchical layering.

Bulk (Macroscopic) nanomaterials. A special cate-
gory hierarchy was not proposed with regard to this
nanomaterial class. For the two possible types of bulk
nanomaterials that are marked in Fig. 1, the possibili-
ties of the UDS are different. If the bulk nanomaterial
includes identifiable nano-objects, an important role
Vol. 42
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Table 5. The final characteristics of a commercial product

Post-Production Process Result

Nanomaterial produced

Purity

Composition

Yield

Physical state

Date produced

Location

Post-producing organization
Batch number

Post-producing documentation

is played by the degree of freedom that these nano-
objects have within the respective phase. In both the
liquid phase and the solid phase, the free movement
makes it possible to use only the regulations that are
proposed for the nano-object itself or for its ensemble.
If a nano-object (for example, a metal nanoparticle) is
rigidly fixed in a solid matrix, then its description
should be accompanied by the description of the
matrix itself following the standards that are proposed
for typical materials: metals, ceramics, polymers, etc.
As an example, for the nanocomposite formed by the
CNT inclusion in the polymer matrix it will be neces-
sary to specify both materials. Obviously, there can be
intermediate cases of a nano-object with limited free-
dom within the matrix, which will require the
improvement of the UDS.

The second of the two mentioned types in Fig. 1
(Bulk Materials with Nanoscale Features) covers nano-
structured materials (steel, ceramics, etc.) whose ele-
ments (crystallites) fall into the nanoscale, which sig-
nificantly affects physical and performance properties.
Materials of this type are already widely used in
mechanical engineering, the power industry, nuclear
technology, and other branches of the economy [19,
20]. Unfortunately, the current UDS version does not
make it possible to identify bulk nanomaterials. In the
last section of this paper, we will discuss the possibility
of their description based on the available ontologies
in the field of materials science.

METADATA FOR PRODUCTION HISTORY
AND DELIVERY CONDITIONS

The last two categories of the top-level hierarchy in
Fig. 1 (Production and Specification) relate to the pro-
duction and certification of nanomaterials as a com-
mercial product. A key feature of nanomaterials, i.e.,
a strong dependence of their properties on the manu-
facturing technology, forces one to reflect the inextri-
cable connection between properties and production
conditions the metadata system. The completeness of
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information in the UDS is provided by the division of
the category Production into two, which reflect the
initial stage and stages following the production (see
Fig. 1). For the initial stage metadata cover the com-
position and amount of the raw materials, method of
production and formulation, equipment, nature and
conditions of the environment, and the data for the
desired product. A similar metadata structure in the
category Post-Production History represents the next
stages of the lifecycle: cleaning, storage, transport, etc.
The resulting group of descriptors is the most signifi-
cant. It is a kind of “passport” for a product that is
delivered to the consumer (Table 5).

Once a nanomaterial becomes a commercial prod-
uct, there is a need for a collection of accompanying
documents that are combined by the term “specifica-
tion,” which is an integral part of any production,
from raw materials to high-tech equipment. For each
of the branches of science and production require-
ments for the composition and content of the specifi-
cation are regulated by national or international stan-
dards. For nanomaterials, the guiding document is the
ISO standard [21], which determines the required
amount of data on the properties, conditions of stor-
age and delivery, control measurements, etc. As for the
category Specification in the UDS, it forms the back-
bone of metadata that define formal information: the
name, version, and number of specifications, the date
of its release and the official status of the manufac-
turer.

It should be noted that the hierarchy of categories
that describe the production history and refer to the
specification is almost identical for many sectors,
especially those that are related to the production of

ma‘[erials.3 Therefore, for these purposes, it is possible
to use a number of vocabularies and ontologies of the
general technical profile, for example, the standard
ISO 10303-235: Engineering Properties for Product
Design and Verification [22]. This will make it possible
to somewhat reduce the load on the UDS by transfer-
ring links to other ontologies and vocabularies.

THE IMPROVEMENT POTENTIAL
OF THE UDS SYSTEM

Certainly, the extreme complexity of the system of
tasks that are posed by the developers, i.e., the unam-
biguous and comprehensive identification of all of the
possible types of nanomaterials, does not make it pos-
sible to consider the proposed version as the final one.
In addition to the variety of objects, the description
standardization is complicated by the variety of
requirements that the researchers, product developers,
consumers, creators of standards, developers of health
and environmental standards, computer scientists,

3 This refers to the closeness of information models for different
industries but not to the content of specifications which differ
for each sector and type of product.
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etc. have to deal with. In the UDS document [12] it
was repeatedly emphasized that the accumulation of
knowledge can require new descriptors, i.e., new posi-
tions in the metadata structure. Moreover, according
to the authors of [12] there is almost no scientifically
based foundation for the standardization of nano-
structured bulk materials (the second group Bulk Mate-
rials shown in Fig. 1) or some characteristics of ensem-
bles such as topology (see Fig. 4). Therefore, the devel-
oped metadata system stimulates work on its
improvement and adaptation to individual segments of
nanotechnology. There are two possible directions of
this activity: (1) the revision and expansion of the log-
ical structure, including classifications, selection of
formats, and coordination with controlled vocabular-
ies and ontologies, and (2) the expansion of the subject
by the introduction of additional descriptors.

The first direction is a necessary condition in the
case of the transition to strictly formalized ontologies
or DBs, which is considered in the UDS as one of the

most important applications of the developed system.4
Some of the required steps were discussed during the
preparation of this paper. Among them is the best pos-
sible use of descriptors of the enumeration format
instead of free text, which is a prerequisite for the
machine implementation of search and inference.
This type of data can be used in the determination of
chemical composition, the type of physical and mor-
phological features, methods of measurement, etc.

The second direction is the widespread use of links
to external resources in the form of controlled vocab-
ularies, for example, the above-mentioned DB ChEBI
[16] or ontology NPO [13] for the naming and system-
atization of nano-objects. External resources can also
be used as sources of terminology, for example, to
characterize types of surfaces or elements of a crystal
structure. The compendium of chemical terminology
Goldbook [2] and the CIF international standard of
crystallographic data (www.iucr.org/resources/cif) are
possible resources. The active involvement of vocabu-
laries and ontologies that are available on the Internet
is now regarded as one of the most important condi-
tions for the global data integration [3].

The most difficult task in the UDS improvement is
the identification of bulk materials, for which the sys-
tem developers did not construct a taxonomy of cate-
gories and descriptors. The above method of searching
for external sources makes it possible to find a natural
way for its solution, while expanding the logical struc-
ture of metadata and the subject field. Accordingly,
two types of bulk nanomaterials will require various
resources. The first nanomaterial type includes bulk
materials that contain identifiable nanoscale objects.

‘A phrase from the section Use of the Uniform Description Sys-
tem [12]: “The UDS provides a backbone for building the data-
base schemas and ontologies that are at the core of a nanoinfor-
matics resource so that information from different resources can
be compared and contrasted correctly.”
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Typical representatives of such materials are nano-
composites, for example, polymers with nanoscale
inclusions. The ontology for this nanomaterial class
has already been developed [14]. It is based on the tax-
onomy of classes and instances including classes such
as MaterialType, Nano-object, Nanocomposite, as
well as classes that combine chemical characteristics,
such as Chemicalldentity, ChainComposition, and
Structure. The class MaterialType includes five sub-
classes (CarbonBased, Ceramic, Metallic, Polymer,
and SiliconBased), which combined with a fairly sim-
ple taxonomy of nano-objects (NanoFiber, NanoFilm,
NanoLayer, NanoPowder, and NanoSurface) makes it
possible to reflect the formation of different types of
nanocomposites that are determined by the choice of
the matrix and filler. When building an ontology [14],
the same principle was used that is recommended for
the UDS expansion: the class Polymer was borrowed
(together with its subclasses) from the ontology Che-
mAxiom and the class Metallic, from the ontology
PeriodicTable.

However, the group of nanomaterials that contain
identifiable nano-objects is not limited to composite
materials. Many materials that are constructed of
nano-objects without separation of the matrix and the
filler, as in the case of a composite, can be named. An
example of such a material is fullerite, a molecular
crystal that is formed from Cg or C,;, molecules
because of the van der Waals interaction [23]. Such a
crystal can also exist in the form of one-dimensional or
two-dimensional polymers. Multiple films, fibers, and
samples of nanothread and nanopaper are made of
directed carbon nanotubes [24]. A macroscopic ultralight
aerogel with a density on the order of mg/cm=3 gives a
beautiful example of such a nanomaterial [25]. This
aerogel has the form of a three-dimensional carbon
structure, which is built from graphene sheets that are
connected by the edges of the CNT. All such materials
are inherently related to the ensemble of nano-objects
given that macroscopic objects will occur in this class.
For this purpose, lists of classes and properties that are
used to characterize them should be extended so that
it would be possible to represent such typical macro-
scopic properties, e.g., density, Young’s modulus, and
specific heat.

With regard to the second group of nanomaterials
(see Fig. 1), which does not contain identifiable nano-
objects, the current UDS version does not provide any
recommendations for their description. However, in
fact these materials can be attributed to the classes of
traditional structural materials, which opens up the
interesting possibility of using ontologies that were
developed in materials science for data exchange on
physical and performance characteristics. Nanomate-
rials include structural materials that acquire nanos-
cale features because of special techniques, i.e., a sig-
nificant dependence of their properties on the size of
the structural unit [19, 20]. Therefore, it is necessary
to introduce a new parameter in the ontology along
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with the usual parameters that define the state of the
environment (temperature, pressure, etc.). Moreover,
during the characterization of a nanomaterial more
subtle characteristics, for example, the distribution of
structural units by size, can be required. In order to
characterize such materials, including their mechani-
cal, thermal, and service properties, one of the ontol-
ogies that was developed in materials science can be
used, for example [26, 27]. However, when using the
ontology on structural materials, it is necessary to
accommodate the need to expand the set of state
parameters.

Thus, the obvious way to expand the metadata sys-
tem is its maximum possible integration with existing
ontologies, both those that reflect some nanomaterial
classes and general content ontologies that are related
to chemistry, materials science, and other disciplines.
This same strategy, as noted above, can be used to
reflect not only the physical characteristics of nano-
materials but also the product lifecycle.
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